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Abstract. Semiclassical gravity and the holographic description of the static patch
of de Sitter space appear to disagree about properties of correlation functions. Cer-
tain holographic correlation functions are necessarily real whereas their semiclassical
counterparts have both real and imaginary parts. The resolution of this apparent con-
tradiction involves the fact that time-reversal is a gauge symmetry in de Sitter space—a
point made by Harlow and Ooguri— and the need for an observer (or quantum reference
frame) as advocated by Chandrasekaran, Longo, Penington, and Witten.
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1 Principles of de Sitter Holography

My purpose in this note is to illustrate some basic principles of de Sitter holography by
formulating and resolving a paradox which arises when these principles are combined. In
order to be as clear as possible I will begin by first laying out the principles in a list.

1. The holographic principle may be applied to a static patch of de Sitter space. The
holographic degrees of freedom reside at the boundary of the static patch—that is to
say at the (stretched) horizon. Reconstruction of the bulk (the static patch) should
be done in terms of correlations of these stretched horizon degrees of freedom.

2. In the limit of very large horizon area the static patch may be described by the semi-
classical equations of motion. In particular the approximation of quantum field theory
in a fixed de Sitter background is accurate as long as the energies involved are not
large enough to create significant back reaction on the geometry.

3. Following [1] the density matrix of the static patch is maximally mixed which means
that it is proportional to the identity operator. The de Sitter entropy is equal to the
number of qubits comprising the system times log2. The expectation value of any
operator supported in the static patch is given by

(0) =Tr O, (1.1)
where Tr indicates the normalized trace, normalized so that the trace of the identity

operator is unity.

An equivalent assumption is that the formal input temperature in the Boltzmann
distribution is infinite. The finite Hawking temperature, or tomperature, is a derived
or emergent quantity [3].

Later, again following [1] we will add another principle concerning the existence of an ob-
server at the pode, i.e., the center of the static patch.

2 The Paradox

Let’s consider a two-point correlation function of bulk fields; the two points being located on
the stretched horizon as in figure 1. Intuitively the correlation function is the amplitude for a

particle emitted from the stretched horizon at ¢; to be reabsorbed at ¢5. On the holographic
side the amplitude is represented by the expectation value of the product of holographic
operators. A concrete example of such holographic operators drawn from the complex (or
charged) DSSYK.-de Sitter duality would be the SU(N)-singlet massive photon operator
[2] which is present when the U(1) symmetry is slightly broken. I'll denote it by A,

A= Zf(ixzw (2.1)

The correlation function is,
(A(t1)A(tz))- (2:2)

In the semiclassical theory it can be calculated in the fixed background approximation. The
important point for this paper is that it has both a real and imaginary part,

(A(t1)A(t2)) = R+T
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Figure 1: Penrose diagram for de Sitter space. The dashed black curve is the stretched
horizon of the right-side static patch. The dashed red curve shows a particle being emitted
and absorbed by the stretched horizon.

R = RelA(t))A(t))
T = Im(A(t)A(t)). (2.3)

The real and imaginary parts are given in terms of anticommutators and commutators,
1
R = S{{A(t), Alt2)} )
1
1 = 5( [A(t1), A(t2)] ). (2.4)

In the semiclassical fixed-background approximation both are non-zero.
But now apply (1.1) to the imaginary part,

7- %Tr[A(t]),A(tQ)] — 0. (2.5)

The vanishing of Z follows from the fact that the trace of a commutator is zero. Thus
we see a contradiction between the semiclassical fixed-background approximation and the
holographic description in which the density matrix is maximally mixed.

This problem is not special to DSSYK,. It occurs in any holographic description of a
static patch of de Sitter space that satisfies the three principles stated above.

3 T-reversal as a Gauge Symmetry

The same conclusion can be seen from an observation due to Harlow and Ooguri [4]. These
authors argue that in general, global symmetries including discrete symmetries, of the holo-
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graphic boundary theory (in the case of de Sitter space the horizon theory) are gauge sym-
metries of the bulk theory. In particular they suggest that this applies to time-reversal®.
The implications for de Sitter space of time-reversal-as-a-gauge-symmetry are: the state
of the static patch must be invariant; and all operators in the algebra of observables must
be time-reversal invariant.
Now consider the commutator C(t) = [A(—t), A(t)]. It satisfies,

Ct) = [A(=t),A®)]

= —C(~t). (3.1)

We see that the commutator is odd under t-reversal and cannot belong to the algebra of
gauge invariant observables, with the trivial exception that it may be identically zero. This
argument seems very general.

4 Resolution

The resolution of the paradox involves another observation in [1], namely that to recover
the usual semiclassical limit it is necessary to assume the existence of an observer in de
Sitter space. An observer means two things: the subsystem comprising the observer should
be rich enough to keep track of the results of its interactions with other degrees of freedom
in the static patch; and, most important for our purposes, the observer subsystem should
include a clock. The clock provides a reference to define the zero of time. Without the clock
correlation functions like C(#1,t2) could not be defined. At best an integrated version,

1T
%g?)oﬁ[TC(tl +t,t2+t)dt, (41)

would be gauge invariant.

The existence of the clock is best understood as a gauge fixing procedure which I will
describe in a separate publication. The main point of [1] is that such a gauge fixing is
necessary to recover the standard semiclassical theory in fixed background.

An analogous procedure is necessary to fix the time-reversal gauge symmetry. If the
boundary theory is time-reversal symmetric then the existence of a clock which “runs for-
ward” in time implies the possible existence of a clock that runs backward. As an example
a heavy coordinate X with Hamiltonian,

hP) = 2%
[X,P] = ih (4.2)

may be used as a clock variable if the initial wave function is composed of positive momenta
in a narrow enough range that the function h(P) is effectively linear. Then X will increase
linearly with the formal time of the boundary theory.

In this context time reversal means any symmetry that includes a reversal of the direction of time. In
AdS/CFT such a symmetry is guaranteed by the CPT theorem applied to the boundary CFT. In charged
SYK time-reversal may include charge conjugation.
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But the same system allows for a clock which runs backward. By considering a wave
packet composed of negative values of P over a similar range, the clock coordinate will run
backward toward increasing values of —X. Both types of clocks are equally likely to occur
as fluctuations in de Sitter space.

Suppose for a moment that the observer’s clock is time-reversal invariant. This could
occur because the wave function is symmetric under P — — P, i.e., a superposition of right
and left moving wave packets. In that case the gauge fixing would be partial and would result
in an average over forward and backward running clocks. The result is that the expectation
value of time-reversal odd operators would vanish, including the expectation value of C and
therefore the imaginary part of the correlation function (A, A). On the other hand if the
observer’s clock is forward-going (or backward-going) then the t-reversal gauge symmetry
would be fixed and t-odd operators would not generally vanish.

In the appendix to this note I further elaborate on the relation between the existence of
observers and gauge fixing.

5 Quantum Reference Frames (QRFs)

As noted in [1] one cannot just say that the observer has a clock. A clock must consist of a
superposition of energy levels but the constraint of gauge invariance requires the total energy
to be zero in the gauge-invariant description. The quantum state of the clock cannot be pure
but must be entangled with other degrees of freedom so as to fix the total energy to zero.
Reference [1] describes this situation in terms of von Neumann algebras. An alternative
framework for this purpose is the language of quantum reference frames (QRFs) initiated in
the 1960’s [5]. (For a more recent study of quantum reference frames see [6].)

According to the theory of QRFs a reference frame is a physical object that has properties
such as energy, momentum, charge, or whatever else is relevant. Another subsystem, such
as a particle, is not to be thought of as localized in some abstract sense; it may be localized
only relative to the QRF. This means that it is entangled with the QRF in a specific manner
in which the subsystems “share” a conserved quantity. The QRF viewpoint is particularly
relevant for a closed system like de Sitter space where gauge conditions require the conserved
quantity to be zero.

Let’s consider the case of spatial localization. A particle can only be localized relative to
a QRF if the two “share” momentum; the total momentum being zero. Relative localization
requires the overall state of the particle and QRF to have the form,

|\I]> = Zeipa |p>particle ® | _p>QRF- (51)
P

Then one says that the particle is localized at position a relative to the QRF.
Similarly for the case of a conserved charge q. A subsystem s is localized in the conjugate
phase @ if the state has the form,

W) =) "€’ |9)s® |~ q)qnrr. (5.2)

If initially a particle is in a pure state it will be completely delocalized. If it subsequently
interacts with the QRF the two may become entangled, the particle becoming localized
relative to the QRF.

One may consider a pair of QRFs called A and B. If the two frames are unentangled
then they are delocalized with respect to one another. If a particle interacts with A and
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becomes localized in the frame A it will still be delocalized relative to B. But if A and B
are relatively localized with respect to one another:

Wag) =Y ™ p)a ® |—p)s (5.3)

then a particle localized in A will also be localized in B.

Localization in time is similar. Suppose we have two clocks which are unentangled. The
readings of the clocks will be uncorrelated. To correlate (synchronize) them we must allow
them to share energy,

O) =) |E)a @ |- E)p (5.4)
E

In the Fourier transformed time-basis,

0= [t 10 (5.5)

Equation (5.4) defines the infinite temperature thermofield-double state. Eq. (5.5) tells us
that the two members of an infinite temperature thermofield-double are perfectly synchro-
nized QRFs for time (clocks).

In anti de Sitter space QRFs do not play much of a role. The frames of reference—clocks,
measuring rods, etc—may be regarded as being outside the system in the “lab” beyond the
boundary. But in de Sitter space everything, including the observers and the reference
frames they carry with them, are part of the system. Moreover since the symmetries are
gauged, the total value of the conserved charges is zero. In this situation the QRFs are an
indispensable part of the description.

Similar considerations apply to discrete symmetries including time-reversal or CPT. The
observer’s clocks may run forward or backward relative to the (unphysical) mathematical
time conjugate to the Hamiltonian.

Let us suppose that there are a pair of clocks in de Sitter space, one in each of a pair
of static patches. Each clock can run backward or forward. If the state is time-reversal-
invariant (as required by gauge invariance) then it has the form,

|¥) = |forward) 4 ® |forward) g 4+ |backward) 4 ® |backward) g (5.6)

In this gauge-invariant description any time-reversal odd operator will vanish because it will
be averaged over forward and backward going time.

But in the gauge-fixed version where we pick one of the two branches—say the forward
branch—time-reversal odd operators do not generally vanish.

This resolves the paradox, but more importantly it illustrates the interplay between the
various principles of de Sitter holography and the need for observers, or quantum reference
frames. In a separate publication I will describe the construction of an observer in the
concrete example of DSSYK ..
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Appendix

The theory of a static patch is all about fluctuations [7]. Even the existence of an observer
is a fluctuation. To see this suppose that an observer is known to exist at the pode at ¢t = 0.
If we run the theory into the future the observer will eventually evaporate and disappear
into the stretched horizon. But it is also true that if we run the state into the past the
observer will also disappear into the stretched horizon. The entire history of the observer
consists of a fluctuation in which the observer is emitted into the static patch and eventually
is reabsorbed into the horizon degrees of freedom.

It is well known that the presence of an observer or any other fluctuation will decrease
the total entropy of the static patch, say by amount A. The probability for the fluctuation
is P = e~® which is typically very small but non-zero. In a time-reversal invariant theory
forward and backward going clocks will occur with equal probability.

Given enough time a clock or any other fluctuation will occur with probability one.
That is true for both forward-going and backward-going clocks. This is the reason for the
vanishing of time-reversal odd expectation values.

On the other hand symmetries like time-translation and time-reversal are gauge symme-
tries and as with all gauge symmetries the gauge can be fixed. As an example, in QED the
expectation value of the space-component of the vector potential will be zero in a gauge-
invariant formulation, even in the presence of a current carrying wire. However gauge-fixing
to the Coulomb gauge breaks the gauge invariance and leads to the usual non-zero expression
for the vector potential of a current. This is the most familiar example of how a quantity can
be zero for all gauge-invariant states but non-zero in the gauge-fixed semiclassical version of
the theory. The main difference between the electromagnetic and de Sitter examples is that
in a quantum theory of gravity the gauge-fixing has to be relative to a physical quantum
reference frame.

The gauge-fixing for time-translation invariance is accomplished by first realizing that
there is unit probability that at some point there will be a fluctuation leading to the for-
mation of a clock; and then fixing the zero of time so that it corresponds to the clock’s
formation. Once that is done, the equations will no longer appear time-translation invariant
[1].

Exactly the same thing can be said for time-reversal. One further fixes the gauge by
requiring not only the existence of a clock at ¢ = 0 but that the clock is forward (or
backward) going. The equations of the gauge-fixed theory will no longer be time-reversal
invariant, and in the gauge-fixed theory the imaginary part of correlation functions will not
vanish.
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