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Abstract: A first-principles approach to the unitarity problem for black holes is sys-

tematically explored, based on the postulates of 1) quantum mechanics 2) the ability to

approximately locally divide quantum gravitational systems into subsystems 3) correspon-

dence with quantum field theory predictions for appropriate observers and (optionally) 4)

universality of new gravitational effects. Unitarity requires interactions between the in-

ternal state of a black hole and its surroundings that have not been identified in the field

theory description; correspondence with field theory indicates that these are soft. A con-

jectured information-theoretic result for information transfer between subsystems, partly

motivated by a perturbative argument, then constrains the minimum coupling size of these

interactions of the quantum atmosphere of a black hole. While large couplings are po-

tentially astronomically observable, given this conjecture one finds that the new couplings

can be exponentially small in the black hole entropy, yet achieve the information trans-

fer rate needed for unitarization, due to the large number of black hole internal states.

This provides a new possible alternative to arguments for large effects near the horizon. If

universality is assumed, these couplings can be described as small, soft, state-dependent

fluctuations of the metric near the black hole. Open questions include that of the more

fundamental basis for such an effective picture.
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1 Introduction

Forty years of the study of quantum properties of black holes [1] has made it evident that

they cannot be consistently described within local quantum field theory, and thus that their

quantum description must be given in some different framework. Apparently, this is not

simply a short distance problem, since as viewed from a conventional spacetime description,

avoiding breakdown of quantum mechanics seems to require information transfer or other

modifications to physics on scales comparable to a black hole’s size. Such information

transfer would violate the locality of local quantum field theory (LQFT). Some time ago

it was proposed that we seriously consider such macroscopic violations of conventional

locality as the way to save quantum mechanics [2, 3], and many researchers now appear to
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concur that a semiclassical description of spacetime must receive some such modification

at horizon scales, or greater.

An exciting development is that, almost concurrently with the broadened acceptance

of this viewpoint, we have entered into a new observational era, where we now have two

ways to observationally probe physics near a black hole horizon: via gravitational waves,

with LIGO/VIRGO [4], and via interferometry using Earth-sized baselines, with the Event

Horizon Telescope [5]. This suggests the possibility of observation providing guidance,

through discovery of or constraints on new effects on these scales [6].

The problem of unitarity of black hole evolution seems to represent a foundational crisis

in present-day physics: it exhibits a fundamental clash between the principles underlying

LQFT. These are the principles of quantum mechanics, the principles of relativity, and the

principle of locality, and apparently one or more of these requires modification. This raises

the challenging question of how to make progress. This paper — as with earlier related

work — will take the approach of beginning with very general principles, and asking how,

within those principles, this “unitarity crisis” can be resolved. This approach will be based

on the assumption that quantum mechanics is valid, but will for example allow weakening

of the LQFT principle of locality. Nonetheless, we will assume that for many purposes

LQFT gives a good approximate description of physics, and so such modifications to it can

be parameterized in an “effective field theory” approach.

This paper will take an agnostic approach to the grand hope that string theory pro-

vides a complete theory of quantum gravity. This hope first emerged from string theory’s

success at addressing nonrenormalizability — a short-distance issue. Our more modern un-

derstanding appears to say that the more fundamental issue for gravity is the long-distance

problem of unitarity — which is generically probed in the high-energy regime of the the-

ory. Many have believed this issue will be resolved via the AdS/CFT correspondence, but

questions surrounding how AdS/CFT accurately describes bulk physics [7] have lingered

for nearly two decades, and attempts to address black hole evolution via AdS/CFT have

led to seemingly paradoxical conclusions such as the existence of “firewalls” [8]. This paper

is agnostic on the role of strings in that it represents an approach to describe physically

correct black hole behavior, whether or not such a description ultimately arises from the

AdS/CFT framework.

In order to take such a basic, “first principles” approach, we begin with a physically-

motivated set of assumptions. These will be followed to their logical conclusions — quantum

modification of the space-time structure near a black hole. These Postulates, on which the

current picture is based, are very simple:

• Postulate I, Quantum mechanics: physics respects the essential principles of quantum

mechanics.1 These include the assumption that configurations are described by a

linear space of states, H, with an inner product, and the assumption that dynamics

is unitary, at least in the sense of being described by a unitary S-matrix when working

with states with appropriate asymptotic boundary behavior.

1In the gravitational context, these must be suitably generalized to, e.g., remove fundamental reliance

on a basic notion of time; see [9] for further discussion.
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• Postulate II, Subsystems: the Universe can be divided into distinct quantum sub-

systems, and in particular into black hole and environment subsystems, at least to a

good approximation. In the latter division, there are “interior states” describing the

configuration of the black hole subsystem.

• Postulate III, Correspondence with LQFT: observations made by small freely falling

observers in weak curvature regimes are approximately well described by a local

quantum field theory lagrangian. This includes observations made by observers freely

falling through the classical horizon radius R, on scales small as compared to R. These

and other near-inertial observers find a minimal departure from LQFT.

• Postulate IV, Universality: departures from the usual LQFT description influence

matter and gauge fields in a universal fashion.

Postulate I needs little explanation: given the difficulties of modifying quantum me-

chanics (see e.g. [10, 11]), we assume a quantum-mechanical framework for physics. Pos-

tulate II is a weakened version of the usual locality of LQFT; in LQFT one has a precise

division into subsystems based on commuting subalgebras of observables associated with

spacelike-separated regions [12].

Postulate III is the statement that LQFT is, for many purposes, a valid description,

even for observers falling into a black hole (BH). It is a postulate that we should take a

conservative approach, and look for a minimal modification to our best current framework

for describing nature. Other work now advocates rather extreme departures from LQFT,

such as a wall of Planck-energy particles, and planckian curvature, at the horizon [8] or a

drastic modification of quantum mechanics and spacetime structure in which entanglement

at much larger scales than R is associated with spacetime connectedness [13, 14]. Postulate

III guides us to looking for the minimal modification required to be consistent with quantum

mechanics.

Postulate IV will be explained further below. It is motivated by the need to address

gedanken experiments involving BH mining [15–18], and by desire to find approximate

consistency with BH thermodynamics with the Bekenstein-Hawking entropy formula, as

will be discussed.

Taken together, Postulates III and IV can be though of as a sort of “weak quantum

equivalence principle.” Namely, they indicate that experiments in small, freely falling lab-

oratories do not experience large effects on short time scales, and that the effects that they

do experience couple universally.

Further explanation of these Postulates and some of their motivation will be described

below. The Postulates will be followed to their logical implications, which include signif-

icant modifications to dynamics in the vicinity of a BH, and specifically new interactions

with the quantum atmosphere of a BH, or a kind of “soft quantum structure” on BHs. An

important question, as we will describe, is whether this structure is strong enough to have

observational consequences which could be found by our two new approaches to probing

the near-horizon, strong-gravity region of a BH: gravitational wave detection, and very
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long baseline interferometry. Thus, observation potentially can furnish further information

about this structure.

If the resulting picture is not correct, this would appear to indicate that one of the

Postulates is not valid. That — and the nature of the modification to the Postulates —

would in itself be very interesting.

It is important to understand another aspect of the approach taken by this paper.

While the paper is based on the simple Postulates above, we don’t presently know a

complete physical theory respecting these Postulates. Instead — as with the historical

development of quantum mechanics — the approach being taken here is to use the con-

straints of presumed correct physical behavior to work towards such a fundamental theory,

which in the end may look rather different than our current framework of LQFT (or string

theory). In the absence of the complete fundamental theory, we proceed by adopting an

effective description, in which we parameterize departures from the closest thing we have

to an established fundamental theory, LQFT.2 Ultimately, if we have identified the correct

physical behavior through the Postulates, this should provide important guidance towards

the final, more fundamental, description of quantum spacetime and gravity.

In outline, this paper begins by giving a Schrödinger picture description of BH evolution

in the LQFT framework. Such a description — based on a choice of time slices — sets up

a connection to familiar discussions in quantum information theory of key concepts such as

transfer of quantum information between subsystems. Section three then investigates the

necessary modifications of the interactions between a BH subsystem and its environment,

in order to respect unitarity, following Postulate I. These include new couplings between

the BH and the fields external to the BH, that are required in order to transfer information.

Then, Postulates III and IV imply important restrictions on these couplings, that they are

localized near the BH, soft, and universal, resulting in the soft quantum structure for a BH.

Section four then investigates constraints connected with formulation of a general prob-

lem in quantum information theory, namely that of how fast information transfers between

two subsystems given specific couplings between them. An answer to this question will

constrain the size of the couplings between BH and surroundings. Unitarity establishes a

benchmark rate for information transfer from the BH. At first sight, this suggests couplings

of unit strength, for example in the universal case effectively behaving as O(1) metric fluc-

tuations. However, analysis based on a proposed answer to this problem suggests that the

benchmark unitarization rate can be achieved via small couplings, due to the contribution

of the very large number of BH internal states, and thus suggests a scenario where unitarity

is achieved without major impact on matter in the BH vicinity. Since such soft structure

can be present at distances ∼ R outside the horizon, this question — strong vs. weak

fluctuations — also may be investigated by observation, either by LIGO, or by very long

baseline interferometry with the Event Horizon Telescope. Section five closes with a brief

discussion of such prospects, as well as of problems related both to the connection between

unitarization and strength of fluctuations, and to the question of the more fundamental

underlying physics.

2Here we follow and elaborate on an approach developed in [19–26].
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Figure 1. An Eddington-Finkelstein diagram of a BH, with a family of slices, labeled by T , that

smoothly cross the horizon. The case shown is that of “nice” slices, which asymptote to an internal

radius Rn; one may alternately consider “natural” slices which intersect the strong-curvature region

near r = 0.

2 Schrödinger evolution of LQFT in a black hole background

Our problem is to describe localization and transfer of information in BH evolution. While

much discussion of BH evolution uses Heisenberg picture quantities, a clearer match to

other discussions of quantum information and its transfer can be made if we instead work

in Schrödinger picture. Here we can consider a wavefunction describing the state of the

combined system of BH and its environment, and investigate information transfer be-

tween them.

2.1 Evolution

To make the use of Schrödinger picture clearer, we begin by establishing control of BH

evolution in this picture in the context of LQFT dynamics in a fixed BH background.

This is our best current description of BH evolution, though our present unitarity crises

demonstrates that ultimately it is incomplete. This description can however be taken as

a starting point for modifications to current principles — following the above Postulates

— that are needed to restore unitary BH evolution. Specifically, in the next section these

modifications will be parameterized as departures from the LQFT Schrödinger evolution.

In order to describe Schrödinger evolution of the fields on a D-dimensional BH back-

ground, one needs to specify a time-slicing of the spacetime. Let a time parameter T label

the slices, and xi be coordinates along the slices. We will be particularly interested in slices

that smoothly cross the horizon and extend into the BH interior, as shown in figure 1. Ex-

plicit examples of such slices are described in the appendix. In such a slicing, the metric

takes the ADM form [27]

ds2 = −N2dT 2 + qij(dx
i +N idT )(dxj +N jdT ) , (2.1)
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where N(T, x) and N i(T, x) are the lapse and shift, and qij(x, T ) is the spatial metric on

the slices.

If we then consider, for example, a massless scalar field, with lagrangian

L = −1

2
gµν∂µφ∂νφ (2.2)

the Schrödinger evolution arises from the evolution operator

U = exp

{
−i
∫
dTH(T )

}
(2.3)

where the hamiltonian is

H(T ) =

∫
dD−1x

√
q

[
1

2
N(π2 + qij∂iφ∂jφ) +N iπ∂iφ

]
. (2.4)

Here, π is the canonical momentum conjugate to φ. This is defined as

π =
∂Tφ−N i∂iφ

N
= nµ∂µφ , (2.5)

where

nµ = (1,−N i)/N (2.6)

is the unit normal to the slices, and satisfies the commutators

[π(x), φ(x′)] = −iδ
D−1(x− x′)
√
q

↔ π = −i δ
δφ

. (2.7)

It should be noted that in general curved spacetimes there can be subtleties with

the use of Schrödinger picture, as discussed, e.g., in [28–31]. However, at the present we

consider a black hole that is approximately static, since the geometry changes extremely

slowly even with the emission of Hawking radiation. Then, one can choose slicings (see the

appendix) where the metric is time independent. This avoids these subtleties [32], which

arise for time-dependent situations.

Beginning with a suitable initial state, the Schrödinger evolution operator (2.3) gener-

ates subsequent evolution, including the Hawking production [32], thus giving a systematic

description of the LQFT dynamics.3 This, then, is a prototype for describing the more

complete evolution of the BH.

2.2 Subsystems

A next question is how Postulate II, the division into subsystems, is implemented. For

locally-finite quantum systems, subsystems are described by tensor factorization of the

Hilbert space. For field theory, however, such factorization is not possible due to the type-

III property of the von Neumann algebras that arise there; colloquially, there is infinite

local entanglement present in field theory states (for some further discussion and references,

3In particular, this offers an approach to deriving Hawking radiation that can be made less UV-sensitive

than derivations following the original approach [1].
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see [33]). So, instead, subsystems are defined by focusing on commuting subalgebras of the

field algebra (see, e.g., [12]). An example of such a subalgebra is that generated by field

operators smeared with test functions with compact support in some open set in space-

time; such subalgebras, associated with spacelike-separated regions, commute. One can,

heuristically, think of subalgebras associated with different regions of spacetime as defining

tensor factors of the Hilbert space, but this description is not fundamentally justified in

continuum field theory.

Gravity presents new subtleties [3, 33–36]. Specifically, in the weak-gravity limit, the

gauge symmetries of gravity are approximated by diffeomorphisms, which do not leave

local operators invariant. Gauge-invariant operators must be “dressed;” colloquially, an

operator creating a particle must also create its gravitational field. This gravitational

dressing moreover must generically extend to infinity [36]. If one begins with commuting

nongravitational operators in spacelike separated regions, and includes this dressing, then in

general the operators no longer commute [3, 33–35]. This impedes extending the algebraic

LQFT definition of subsystems to the gravitational setting.

While the usual algebraic definition of subsystems appears to fail in the gravitational

context, for many purposes the failure appears to be small. For example, if we consider two

operators creating particles of energy E, at separation r, the non-vanishing commutator is

characterized by the dimensionless quantity [35]

GE

rD−3
, (2.8)

given by the locality bound [3, 34]. For an operator creating a particle inside a macro-

scopic BH together with an outside probe, one might therefore näıvely expect a tiny effect,

although details of this are being explored [37]. (If there were such an effect that plays

an important role, by modifying the subsystem structure, it might be related to the “soft

hair” story advocated by [38–40].)

For the purposes of this discussion, we will thus take a pragmatic approach, assuming

that there is an approximate decomposition into subsystems as in LQFT, and then will

parameterize departure from the LQFT evolution. While a more accurate description,

including gravitational dressing, is ultimately needed, it may also be that the interactions

parameterized in this paper can be used to capture essential implications of the nonlocality

due to dressing.

If we suppose we adopt such an approximate, pragmatic approach, we can straightfor-

wardly divide the black hole and its environs into subsystems, e.g. by considering operators,

at a given time, localized inside and outside the horizon at r = R. Thus, in this approxi-

mation, we have an example of how Postulate II is implemented.

Alternatively, let us consider a slightly different division into subsystems, that does not

place an artificial boundary at the horizon. Specifically, consider a division into subsystems

with boundary between them at a more general radius Ri. This could be less than R, for

example at Ri = R/10. Thus, for a given T , the subsystems correspond to the regions r >

Ri and r < Ri. Equal-T operators associated with these regions will commute (neglecting

– 7 –
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dressing effects), and correspondingly we can heuristically think of the regions inside and

outside Ri as associated with different tensor factors of the full Hilbert space.

2.3 Interactions between subsystems

The hamiltonian (2.4) can likewise be divided up into pieces corresponding to these regions,

so that the evolution can be described as unitary evolution of two coupled subsystems.

Specifically,

H = H< +H> +Hi , (2.9)

where

H< =

∫
r<Ri

dD−1x
√
q

[
1

2
N(π2 + qij∂iφ∂jφ) +N iπ∂iφ

]
H> =

∫
r>Ri

dD−1x
√
q

[
1

2
N(π2 + qij∂iφ∂jφ) +N iπ∂iφ

]
, (2.10)

and Hi is an interaction term, at Ri, between the two subsystems. Note that for Ri < R,

due to field-theory causality, H> only transfers information into the boundary at Ri, and

H< only transfers information from this boundary further inward.4 There is no transfer of

information from inner subsystem to outer, since in LQFT information propagates within

the light cones.

This is a perfectly consistent description of evolution of quantum fields on the black hole

background. It may be extended to other fields, e.g. of gauge theory, or even corresponding

to gravitational perturbations. In principle one needs to deal with the singularity at r = 0.

One possible approach to this is to introduce a set of states residing there “into which

information falls,” but another alternative is simply to arrange the slices to never intersect

r = 0. This can be done if all slices asymptote to an inner radius Rn < Ri, as in the

nice-slice construction of [20]. Then, evolution freezes the fields at this radius [44], due to

vanishing of the lapse N . Effectively, this introduces a Hilbert space at r = Rn in which

infalling information accumulates.

3 Interactions with the quantum atmosphere: soft quantum structure

on BHs

The LQFT evolution we have just described is consistent and complete in the context of

evolution on spatial slices on a fixed background BH geometry. In particular, the evolution

operator (2.3) will be unitary from slice to slice. However, since the evolution yields Hawk-

ing radiation, shrinking the black hole, the approximation of fixed background ultimately

fails. Since the black hole ultimately evaporates and disappears,5 the preceding description

can no longer be unitary in that context. Specifically, if there is no information transfer

from the interior subsystem to the environment of the BH, and if the BH ultimately dis-

appears, unitarity has failed [48]. Since this contradicts Postulate I, modification to the

4Such transfer of information can be characterized in terms of transfer of entanglement [41–43].
5Here, we assume no remnants, in accord with the arguments of [45–47].
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preceding description must be found. This leads to the question: what are the minimal

modifications to the standard LQFT description needed to restore unitarity? The search

for such a minimal departure is guided by the other Postulates.

3.1 Unitarization through modified evolution

As in the preceding section, we assume that Postulate II holds, so that the BH and its

environment correspond to subsystems of the larger system, to a good approximation.

Again, we work slightly more generally, taking this division to occur at a radius Ri which

can be interior to the black hole. Then the BH subsystem includes those excitations

sufficiently deep in the BH. This avoids artificially singling out the horizon.

If the BH subsystem disappears at the end of BH decay, any information stored in this

subsystem must be emitted as this subsystem shrinks, in order to respect the unitarity of

Postulate I. As noted above, we can characterize transfer of information in terms of transfer

of entanglement [41–43]. Specifically, Hawking’s calculations shows that the internal states

of the BH are entangled with “early” outgoing radiation that has been emitted; for an

explicit two-dimensional example see [49]. For the ultimate evolution to be unitary, this

entanglement must transfer into later outgoing degrees of freedom, since no entanglement

can remain with the BH once it has evaporated away. Arguments by Page [50, 51] in

particular tell us that when the BH has reached approximately the midpoint of its evapo-

ration, its von Neumann entropy must stop increasing and begin to decrease. In order to

decrease to zero, this must be at a rate corresponding to approximately one qubit emitted

per light-crossing time R.

This emission of information (or transfer of entanglement) does not occur in the LQFT

description of the preceding section, as was noted there. Thus, Postulates I and II imply

that there must be couplings between the subsystems that are not given by the previous

LQFT description. Moreover, the BH subsystem in the LQFT description is infinite di-

mensional, in conflict with this picture where its size gradually decreases to zero. Together,

these indicate that, at a minimum, we should modify the LQFT description so that 1) there

are couplings between the BH and environment which can transfer information outward

and 2) the BH subsystem is modeled as a finite-dimensional subsystem.

So, taking the approach of minimally modifying the dynamics, and respecting our

Postulates, we parameterize departures from LQFT evolution by assuming that the BH

subsystem is finite dimensional, the operator H< of (2.10) gets replaced by some consistent

evolution operator acting on this subsystem, and the interaction term Hi gets replaced by

a new interaction hamiltonian that yields transfer of information from BH states to those

of the environment.

Note that in order to respect Postulate III, that an infalling observer sees minimal

departure from the predictions of LQFT, the subsystem at r > Ri should be approximately

well-described by LQFT degrees of freedom, and by the LQFT evolution given by H>

of (2.10). Moreover, Hi should not introduce modifications to this which are too strong.

Specifically, consider a BH that has evaporated sufficiently long that it is returning

information (described as above in terms of entanglement) to its environment — e.g. it

is significantly past its half-life. Of course, such a BH can still be very large, and its
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Hawking decay rate still tiny; if it has a radius R, it emits energy ∼ 1/R in a time

R, or, equivalently, the fractional change in mass during this time is 1/RM ∼ 1/SBH,

where SBH is the Bekenstein-Hawking entropy. This appears to justify a treatment by a

time-independent hamiltonian, to an excellent approximation, avoiding subtleties noted in

section II. Since the BH is in the phase of decreasing von Neumann entropy, it must also

be emitting information at a rate of order one qubit per time R, so that its accumulated

information∼ SBH to shrinks to zero. In this sense, Hi must introduce anO(1) correction to

the Hawking emission — for each Hawking particle emitted, there must also be O(1) qubits

of information emitted. An important question is how to reconcile this with Postulate III,

the approximate validity of LQFT.

3.2 Constraints from Postulate III

In order to investigate properties of Hi, we first give a more careful description of the

Hilbert space. Working at such a “late” time T , we can label states of the combined BH

plus environment subsystems as |K,M ;ψe, T 〉. Here M is the present mass of the BH,

and K ranges over the finitely-many states of the BH interior in a range of energies ∆E

about M . For generality, we parameterize the number of states in a range ∆E = 1/R as

exp{Sbh}; it is widely believed that Sbh ≈ SBH. The label ψe parameterizes the state of the

environment system, which, at least in the LQFT approximation, is thought of as residing

at r > Ri. This part of the state is approximately well-described as a state of quantum

field theory, e.g. as described in the preceding section.

Since the internal part of the Hilbert space is now finite dimensional, with dimension

N ∼ exp{Sbh}, the internal hamiltonian H< should now be a generator of U(N), replacing

the LQFT expression H< in (2.10). For the moment, we will not need to make further

assumptions about its structure, although of course it should approximately match onto

LQFT evolution in relevant limits/regimes.

The term Hi in the hamiltonian (2.9) describes interaction between the internal BH

states and the BH surroundings. In LQFT, this term was localized at Ri; then, since

information at r < R only propagates inward, it only transferred information from r > Ri
to r < Ri. In order to restore unitarity, given the ultimate disappearance of the BH, the

more complete Hi must also transfer information from the internal states to the region

r > R, so that this information can escape the BH. We thus write

Hi = Hi< +HI , (3.1)

where Hi< is an analog of the original Hi of LQFT, that only transfers excitations near Ri
into the internal Hilbert space, and HI is a new contribution to the hamiltonian, needed

to transfer information outward.

Such interactions that transfer information out couple operators λA that generate

general U(N) transformations on the interior states to LQFT operators with some support

at r > R. In order to parameterize the minimal departure from LQFT of Postulate III, we

assume that the couplings are to sums of local operators; for example, products of local

operators would introduce more significant departures, in the form of nonlocality in the

– 10 –
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surroundings of the black hole. So, we parameterize HI as

HI =
∑
Ab

λA
∫
dD−1x

√
q GAb(x)Ob(x) (3.2)

where Ob(x) are local operators of the QFT, GAb(x) are coefficient functions that depend

on the BH background, and integration is over r > Ri
Key questions in determining the effects of the new couplings (3.2) are the behavior of

the coefficient functions GAb(x), and that of which operators they couple to. Answers are

constrained by the Postulates.

First, if we seek a minimal deviation from LQFT, following Postulate III, we expect

that the support of the GAb(x) should be near the BH. Eq. (3.2) represents a departure

from LQFT which “nonlocally” transfers information, and clearly this is a more extreme

departure if it extends far from the BH. Let Ra be the characteristic radius to which

GAb(x) are nonvanishing; unless other conditions dictate differently, Postulate III then

implies Ra ∼ R.

But, too much localization gives violent deviation from LQFT. For example, if the

GAb(x) vanish outside a microscopic distance ε outside the horizon, they must vary on this

microscopic distance scale. This implies couplings to the LQFT operators near the BH that

inject hard momentum ∼ 1/ε, as seen by infalling observers. For infalling observers not to

see such “hard” violations of LQFT near a large BH, we therefore require that the variation

instead occurs over a scale L that vanishes as R → ∞. The simplest possibility is that

L ∼ Ra−R ∼ R, but one could have more general dependence, e.g. Ra−R ∼ Rp, L ∼ Rq,
for some p ≥ q > 0. Note that, if we do not wish to introduce a new scale besides that given

by the BH size, the former, simplest, choice should be made; this also could be understood

as imposing the condition of minimal violation of LQFT. Similar comments apply to the

angular variation of the GAb(x). Terms with larger angular momentum introduce harder

deviations from LQFT, indicating that we should seek the minimum angular momenta

necessary.

The constraints of Postulate III also apply to the time dependence, which arises from

the interaction between the interior hamiltonian H< and the λA that nontrivially couple.

Specifically, if we go to a basis that diagonalizes H<, the λA will induce transitions among

these energy eigenstates. In order that HI not produce high-energy quanta in the vicinity

of the BH, it should induce transitions with limited energy difference. Again, the simplest

possibility is that the GAb describe transitions in energy δE <∼ 1/R. This matches the

energy scale of the Hawking radiation, and larger energies would represent a more extreme

departure from LQFT. The time dependence of (3.2) can be directly seen by converting

from Schrödinger picture to an interaction picture, via the evolution operator for H<.

These combined conditions on the energy and momenta transitions arising from GAb(x)

are the conditions that correspond to the “nonviolence” of the title.

3.3 Universality

We next turn to the motivation, meaning, and implications of Postulate IV, Universality.

In principle, HI could incorporate couplings to any local operators in the vicinity of the
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BH, and for example, linear couplings to a scalar field φ(x) have been considered as a

toy model in [24]. However, some simple arguments imply powerful constraints on these

couplings.

The first is the beautiful story of BH thermodynamics, with the BH entropy given,

at least approximately, by the Bekenstein-Hawking entropy SBH. If we assume this story

is preserved, this implies that one can bring a BH into thermal equilibrium with fields at

the Hawking temperature, TH . Generic couplings (3.2) will disturb this picture [52]. One

way to think about this is via detailed balance. In LQFT, the equilibrium is attained by

balance between the inward flow of energy arising from the “inward” Hi of the preceding

section, and the outward flow of energy of the Hawking radiation, found from H>. If the

new HI contained operators that, for example, coupled to a specific field, then there would

be additional outward flux of that field alone, violating the equilibrium condition.

The second is the story of BH mining [15–18]. The BH decay rate can be increased

by introducing non-trivial field configurations near the BH. While Unruh and Wald [15]

consider rather complicated configurations, the simplest possibility is to “thread” a cosmic

string through the BH [16–18]. This introduces an additional channel for energy to escape,

via modes on the string. Moreover, it has been argued that many of the more general

constraints from mining can be summarized within the simple story of cosmic string min-

ing [53]. The constraint on our hamiltonian arises because an increase in the rate of energy

emission by the BH must be accompanied by an increase in the rate of transfer of infor-

mation out of the BH — otherwise, mining can induce a situation where a BH disappears

before the full amount of its information is transferred out [22]. If the energy emission

rate is increased by new modes that can be radiated (excitations on the string), a natural

way to match these rates is if these modes can also transfer information from the BH [23].

This means that HI should couple to all such cosmic string modes, which is most simply

achieved if it universally couples to all fields [25].

One naturally couples universally to all fields through the stress tensor,6 motivating

the restriction of (3.2) to interactions of the form

HI =
∑
A

λA
∫
dD−1x

√
qGµνA (x)Tµν(x) , (3.3)

described now by the couplings GµνA (x). Recall that we have separated off an “inward”

piece of Hi in (3.1). The hamiltonian HI can alternately be written more concisely in

the form

HI =

∫
dD−1x

√
qHµν(x)Tµν(x) , (3.4)

where Hµν(x) is an operator acting on the internal BH Hilbert space.

It should be emphasized that such couplings do not necessarily satisfy the detailed

balance necessary for equilibration, with entropy Sbh = SBH. For example, they could

create outgoing excitations with energies above the thermal mean ∼ TH . Assuming such

equilibrium characterized by Sbh ≈ SBH (at least to within O(1) factors) thus further

6This is also expected to contain a contribution from gravitons.
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constrains these couplings, and in fact apparently reinforces arguments for the minimal

choice described above, that the typical energy scales of the couplings are ∼ 1/R.

It also seems satisfying if the resolution to the problem of information loss has a

universality, as seen in (3.3), that mirrors the known universality of gravity. The presence

of (3.3), (3.4) indicates a form of “soft” quantum gravitational structure of black holes,

which we will explore further.

4 Information transfer requirements

To summarize the preceding discussion, we have considered evolution in a Schrödinger

picture. States at time T (in a definite slicing, or gauge, labeled by time at infinity) are

assumed to be of the form |K,M ;ψe, T 〉. Here we assume (Postulate II) an approximate

subsystem division, where the labels K describe the state of the “internal” subsystem of

the BH, which has dimension N , and the labels ψe describe the state of an environment

subsystem, which is approximately well-described by LQFT degrees of freedom, and which

may more generally extend a limited distance into the BH interior. Evolution of these

states is given by a hamiltonian of the form H = H< + H> + Hi, where H< generates

certain U(N) transformations, H> is LQFT evolution on the degrees of freedom described

by ψe — as in (2.10) — and Hi couples the two subsystems. Hi in particular has a term

coupling infalling excitations to the interior subsystem, as in LQFT (see (3.1)), but also,

as required by Postulate I, couplings of the form (3.2) which can transfer information from

interior to environment. Postulate III further restricts these couplings: they have support

near the BH, and involve soft energy/momentum scales, vanishing as R→∞. The simplest

assumption is that these scales are O(1/R). If Postulate IV is adopted, it then indicates

couplings just to the energy-momentum tensor, as in (3.3). One of its motivations, BH

thermodynamics, also reinforces the case for energy scales of size 1/R.

Postulate I enforces further requirements on the couplings (3.3), since these couplings

must transfer information sufficiently rapidly to ensure that all the information is trans-

ferred from the interior subsystem by the time the BH evaporates. Formulating and apply-

ing this constraint leads us to an example of a more general problem in quantum information

theory, which we turn to next.

4.1 A problem in quantum information theory: information transfer between

subsystems

Suppose that we have two quantum subsystems, A and B, with Hilbert spaces of large

dimensions, |A| � 1, |B| � 1. We also assume |B| � |A|, though this could be generalized.

These subsystems are assumed to evolve by a time-independent hamiltonian of the form

H = HA +HB +HI , (4.1)

where HA acts on A, HB on B, and HI couples the two. We can specifically assume that

HI is of the form

HI = E
χ∑
γ=1

cγO
γ
AO

γ
B . (4.2)
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Here E sets a common energy scale, and cγ are dimensionless coefficients. OγA are inde-

pendent (e.g. commuting) unit-norm operators acting on A, and likewise for OγB on B. To

define the norms, assuming random matrices, we use the standard operator norm

‖OγA‖ = sup|OγAΨ| ; (4.3)

with the maximum taken over states Ψ subject to the constraint |Ψ| = 1. For large |A|
and random OγA, this scales the same with |A| as the norm

‖OγA‖
2
s =

1

|A|
Tr[(OγA)2] (4.4)

(note the latter differs from the standard Frobenius norm by the factor 1/|A|).
Now, suppose we begin in a state where A is thought of as containing a large amount

of information; e.g. A might be in a state entangled with another subsystem Ā. This can

be maximized if Ā is a copy of A that is maximally entangled with A. Then, the question

is how the rate of transfer of information from A to B (which can be defined via rate of

transfer of the entanglement with Ā) depends on HA, HB, and HI , as well as other aspects

of the states?

This general problem seems not to have been fully addressed in the literature.7 But,

with a few further assumptions, relevant to our problem, a conjecture can be formulated

characterizing the information transfer rate. It is of interest to further sharpen such a

statement.

First, let us assume that HA and HB are generic generators of U(|A|) and U(|B|), for

example

HA = E
∑
a

haλ
a (4.5)

with the same energy E as above, setting the scale, where ha are some general real dimen-

sionless coefficients, e.g. with
∑

a(ha)
2/|A| = 1, and λa is a basis of generators of U(|A|).

Similar statements could be made for B, with a basis λβ .

We would like to know how the entanglement transfer rate depends on the parameters

of (4.5) and (4.2). This can be defined in terms of the rate of transfer of mutual information

of B and Ā,

I(Ā : B) = SĀ + SB − SĀB , (4.6)

where entropies are defined as the von Neumann entropy of the respective density matrices,

formed from partial traces.8 At early times, before the systems equilibrate, one expects

linear growth with time. A conjecture is that this rate behaves as

dI

dt
= CE

χ∑
γ=1

c2
γ , (4.7)

with some dimensionless constant C, and for small enough cγ .9

7Though, related bounds were discussed in [54].
8One can alternately work with the mutual information I(Ā : A); for further discussion see [21].
9I thank W. van Dam and C. Nayak for discussions on the question of sharpening this conjecture.
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To understand this conjecture, note first that, by energy conservation, E sets the scale

of the energy transfer from A to B, and sets a nominal scale for the transfer rate. One can

then think of the quantities cγ as couplings for χ different information transfer “channels”

labelled by γ. If such a coupling gives the amplitude for a transfer interaction, the rate is

proportional to its square; additional perturbative discussion appears in the next section.

Proving — or improving — the conjecture (4.7) is an interesting problem in information

theory, for future work. We will use the conjecture as a starting point for discussing

constraints on the couplings in the interaction hamiltonian (3.2) or (3.3).

4.2 Information transfer from black holes

We next apply the preceding arguments to our hamiltonian (2.9), with modified Hi now

given by (3.1). The information transferring HI of (3.2) is of the form of eq. (4.2). The

nonviolence condition from Postulate III will then restrict the allowed functions GAb(x)

to those that have low momentum and connect states with small energy differences, e.g.

with both scales set by ∼ 1/R. This has the effect of limiting the number of channels that

contribute. Then, the conjecture (4.7), together with the information transfer rate needed

for unitarity, ∼ 1/R, sets a minimum size for the couplings, for a given set of operators.

We explore this constraint within the context of the universal couplings of Postulate

IV, although the discussion can be extended to more general couplings like (3.2). The

coupling functions GµνA (x) of (3.3) are directly seen from that equation to be dimensionless.

Comparing with (4.2), we take the characteristic energy scale to be E ∼ 1/R. Nonviolence

implies that there is a limited set of functions GµνA (x) that play a role. Let fµνγ (x) be a

basis of such sufficiently low-momentum (soft) functions, indexed by γ = 1, . . . , χ. Then

expand

GµνA (x) =
∑
γ

cAγf
µν
γ (x) , (4.8)

with dimensionless expansion coefficients cAγ . Eq. (3.3) then takes the form

HI =
∑
γA

λAcAγ

∫
dD−1x

√
qfµνγ (x)Tµν(x) . (4.9)

Comparing with (4.2) shows that the operators

Oγ =
∑
A

λAcAγ (4.10)

are analogous to the cγO
γ
A in (4.2), and that the operators

Tγ =

∫
dD−1x

√
qfµνγ (x)Tµν(x) (4.11)

are analogous to EOγB in (4.2).

We can now apply the expression (4.7) to estimate the information transfer rate. Some

caution is needed since the Tγ are in general unbounded operators. However, beginning

with a given external state of the BH (e.g. a standard BH vacuum) on which Tγ can act,
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we can consider a set of states that are in a range of energies E around this state. Then,

a norm (4.3) can be found on this subspace of the full space of states. The subspace

restriction eliminates the very high-energy states; these should not be relevant, due to

energy conservation, as will be seen momentarily in a perturbative discussion. We then

choose the fµνγ so that the operators Tγ/E are unit norm. Then we expect an equation of

the form (4.7) to hold, giving
dI

dt
= CE

∑
γ

‖Oγ‖2 . (4.12)

For E ∼ 1/R, this will be the necessary entanglement transfer rate

dI

dt
∼ 1

R
(4.13)

if
χ∑
γ=1

‖Oγ‖2 ∼ 1 . (4.14)

To understand the latter condition, suppose that we can regard the operators Oγ as

behaving like random N × N matrices; after all, we expect the internal BH evolution to

be rather chaotic, and there is no obvious reason to expect the couplings in (4.10) to

be simple in an eigenbasis of energy H<. For random matrices, as previously noted, the

operator norm scales with N the same as the square norm (4.4). So, if λA are normalized

so that Tr(λAλB) = δAB, the normalization (4.14) corresponds to the condition∑
Aγ

c2
Aγ ∼ N , (4.15)

or, to couplings of size cAγ ∼
√

1/Nχ.

This scaling, and thus the conjecture (4.7), can be motivated by a perturbation theory

argument. Suppose that the BH is taken to initially have an internal state |ψ〉 which

behaves like a random state (e.g. random superposition of eigenstates of H<). Then, we

can estimate the rate for a transition from |ψ〉 to another state with energy difference

∼ 1/R, during which the BH emits a quantum created by Tγ of (4.11) acting on the

exterior state, via Fermi’s Golden Rule. This rate takes the form

Γ ≈ 2πωbh(E)
∑
γ

|〈K|Oγ |ψ〉|2 |〈β|Tγ |α〉|2 , (4.16)

where E ≈ M − 1/R is the final state BH energy, ωbh(E) is the BH density of states,

〈K|Oγ |ψ〉 is a matrix element with a typical final BH state |K〉 of energy E, and |α〉
and |β〉 are the initial and final states of the exterior. The density of states behaves as

ωbh(E) ∼ NR. With the normalizations (4.14), (4.15), the matrix element 〈K|Oγ |ψ〉 for

a random Oγ has typical size 1/
√
Nχ, translating into an O(1) transition rate in time R.

With the expectation that for each such transition O(1) qubit of information is emitted,

this gives the needed rate (4.13).

While these arguments have been given for the stress-tensor couplings (3.3), both for

simplicity and because of the motivations for Postulate IV, they can clearly be extended to
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more general couplings of the form (3.2). If such more general couplings were relevant, this

would likewise relate their required strengths to the rate (4.13) needed for unitarization.

Either with couplings via Tµν , or via more general operators, note the origin of the

unitarization rate (4.13). The matrix elements of the operators Oγ coupling to the BH

internal states can be tiny, ∼ 1/
√
N ∼ exp{−Sbh/2}. But, the rate dI/dt can nonetheless

be O(1), due to the enormous factor N in the density of states for the BH, enhancing the

total transition rate. Small couplings are effectively amplified by the enormous number of

BH states.

4.3 Size of effective metric fluctuations

Universal couplings like (3.3) or (3.4) can be interpreted as quantum contributions to an

effective metric, which is a perturbation of the BH metric. Specifically, (3.4) suggests that

the metric is effectively perturbed by

∆gµν = 2Hµν(x) , (4.17)

where indices are lowered with the background BH metric. However, recall that Hµν is

operator-valued, so the effect of these interactions is not quite as simple as a classical shift

in the metric, and in particular Hµν depends on the state of the BH. An important question

is how this modifies evolution of matter in the BH vicinity. This depends, in part, on the

typical size of matrix elements of (4.17).

A first expectation [25] was that the typical size H̄µν of the metric perturbation should

be O(1), in order to provide the needed rate (4.13) for unitarization. One way of thinking

of this is that an O(1) perturbation of the Hawking radiation is needed in order to transfer

of order one qubit out of the BH per Hawking quantum.

While this is possibly true, the preceding discussion has offered an attractive alterna-

tive. Specifically, we have

Hµν(x) =
∑
γ

Oγf
µν
γ (x) , (4.18)

where we recall that the fµνγ are the basis functions with O(1) size in (4.8), and Oγ are

given in (4.10). For nonviolence, these vary on scales ∆x ∼ R (or, with a more general

power of R). In a BH state |ψ, T 〉, this gives expectation value

〈ψ, T |Hµν |ψ, T 〉 =
∑
γ

〈ψ, T |Oγ |ψ, T 〉fµνγ (x) . (4.19)

If Oγ behave randomly with respect to the states |ψ, T 〉, as discussed above, the nor-

malizations described there then imply that the Oγ have matrix elements ∼ 1/
√
N , and

thus that

〈ψ, T |Hµν(x)|ψ, T 〉 ∼ 1√
N

. (4.20)

One likewise sees that Hn has size ∼ 1/
√
N . The nonviolence assumptions discussed in

section three also indicate that these have time dependence on scales that grow with R,

e.g. as ∼ R.
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Eq. (4.20) thus suggests that the effective shift in the metric, in a “typical” BH state,

can be suppressed by a power of 1/
√
N = exp{−Sbh/2}, and thus is extremely tiny —

despite the information transfer constraint (4.13). This possibility arises because the matrix

elements of Hµν are determined by the couplings cAγ of (4.8) to the individual BH states,

which are very tiny, but the net effect of these couplings can be O(1) because of the

contribution of N = exp{Sbh} states. A significant effect arises because the BH has an

enormous number of states that contribute to the new effects. Indeed, this seems to be a

generic way to enhance information transfer while maintaining small couplings, independent

of the precise form of the couplings (3.2) and the conjecture (4.7).

One can also perturbatively estimate the effect of the couplings in HI of (4.9) on

matter propagating near the BH, again using the formula (4.16), where now the initial

and final states |α〉 and |β〉 include matter scattering from the BH. While the rate (4.16)

can be O(1/R), that is for a change in momentum of the scattered matter that is also

O(1/R). Such a shift is negligible for matter accreting into a large black hole, or its

radiation.10 Preliminary analysis indicates that contributions that are higher order in

HI are also significant, but since the energy/momentum transfers are effectively random,

these are not expected to build up to a large effect. It is interesting to contrast the case

where the metric fluctuations behave “classically,” as in [25]. That can be described in the

preceding formulas by taking N ∼ 1. Then the couplings cAγ are O(1), and the metric

fluctuation (4.20) is likewise O(1). In that case, higher order processes in HI are important,

and can coherently build up many O(1/R) energy/momentum transfers to produce, e.g.,

an O(1) deflection to trajectories of matter or light.

4.4 Relation to previous work and ideas

It is also illustrative to relate the preceding statements to previous work and common ideas

on the subject. Specifically, as noted, it is clear that a departure from the Hawking radiation

state that is sufficient to lead to unitary evolution is in fact an O(1) departure. This was,

for example, visible in Page’s work [50, 51], illustrating the large necessary departure in the

von Neumann entropy; also, [55] discussed this from the viewpoint of the detailed structure

of the Hawking state. It is worth emphasizing that the interactions described above are

in accord with these statements; they in particular are of sufficient strength to produce an

O(1) correction to the state, as called for, for example, in Theorem 1 of [55].

However, it has also commonly been assumed that such O(1) corrections to the state

of the outgoing radiation require O(1) corrections to the BH geometry. The preceding

argues that this is not the case. Specifically, the interaction between the BH state and

the atmosphere is an intrinsically quantum process, governed for example by the quantum

hamiltonian (4.9). In such a process, one can get an O(1) correction to the exterior state

from small interactions, due to the large number of BH states that can contribute to

the total transition probability. It bears emphasizing that, in the case of the universal

coupling (3.4), the quantity Hµν correspondingly plays the role of a correction to the

metric that depends on the BH quantum state, but that typical diagonal matrix elements

10However, gravitational radiation from a collision of black holes has typical momentum scales ∼ 1/R,

suggesting that such corrections could be significant in this context. Exploration of this is left for fu-

ture work.
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of this operator are of a tiny size, (4.20). So, in effect, “small” quantum corrections to the

BH geometry are able to produce the needed effect on the state.

5 Future questions and observational tests

If BHs obey the principles of quantum mechanics — our first Postulate — information

must transfer out of a BH, no matter how large it is, or even more extreme modification of

established physics is needed. Either way, it appears that new effects are needed on scales

∼ R of the BH radius or larger. These effects need to have O(1) impact on the final state

resulting from BH decay, in order to transform it from Hawking radiation with missing

information I ∼ SBH to a different state with no missing information.

5.1 Possible observational probes of strong fluctuations

It is interesting to seek observational tests for the presence of such new effects on scales ∼ R,

for example to distinguish between scenarios. Our Postulates II-IV have led to a picture

where there are metric fluctuations which extend outside the horizon some distance — in

the simplest picture a distance of size R. If these fluctuations are “strong,” i.e. the typical

metric fluctuation is of size ∆gµν ∼ 1, as was näıvely indicated by the need for an O(1)

effect, one would expect that they have a significant impact on motion near the BH, and

could be searched for in observations sensitive to the near-horizon region. The exciting

prospect of such observations [6] is becoming current reality, with our entry into the era

of gravitational wave probes of near-horizon physics [4, 56], and with the development

of sensitivity to photon propagation near the horizon, with the Event Horizon Telescope

(EHT) [5, 26].

There is another question not yet answered by the Postulates, relevant to the possibility

of observational tests. Specifically, while the arguments above lead to soft perturbations

which may be strong, they do not, a priori, tell us at what point in a BH’s evolution these

perturbations become “active.” Previous arguments only lead to bounds. For example,

if information transfers out of a BH faster than a time scale ∼ R logR, that leads to

contradictions in describing the experience of an observer who hovers outside, capturing

information, and then falls into the BH [57]. On the other hand, information needs to

begin to transfer out by a time of order R3, if Sbh ∼ SBH, in order to have time to transfer

the necessary entanglement [50, 51]. For a BH such as Sgr A∗, in the center of our galaxy,

this range of times is 1 hr to 1084 yr. For a solar mass BH, the range of times is 10−3 s

to 1064 yr.

A more fundamental picture of the origin of the couplings (3.3), e.g. possibly resulting

from departures from the classical manifold/metric description of the BH spacetime, would,

once we understood its dynamics, be expected to provide a prediction of this activation

time scale. Prior to having such a complete description, at least two possibilities are

apparent. One is that the activation of the couplings (3.3) could be a saturational effect,

for example an effect that depends on the BH building up a large entanglement with its

environment. One might alternately describe this as the BH internal state having most of

its degrees of freedom excited from a nominal ground state. If such saturation is responsible

for producing significant couplings (3.3), the natural timescale to consider is ∼ R3, since
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this is the amount of time it takes to develop such a large entanglement through a collapse

or Hawking process. On the other hand, the effect responsible for the modification to GR

could be structural : the spacetime description fails to be accurate and complete once the

strong gravitational region of the BH has formed. If so, one would expect the relevant

timescale to be comparable to the BH formation time, ∼ R logR.

The latter, structural, time scale is certainly plausible, given questions about the

quantum spacetime structure relevant to describing strong gravitational fields. Moreover,

even for very large BHs like Sgr A∗, their age, O(109 yr) is much longer than the lower

bound R logR. These suggest it is reasonable to look for such effects; clearly their discovery

would vindicate this approach, though a clear prediction for the activation time is needed

for observation to strictly rule out the relevance of strong, soft metric perturbations.

Search for these effects via optical means is a cleaner approach than via gravitational

waves, since the former simply requires description of propagation of light in a deformed

background, whereas the latter, via LIGO, requires information about nonlinear evolution

of the perturbations in order to make detailed predictions. Searches for departures from

GR templates in LIGO observations is very important in the latter context [56, 58], but

here we will focus on prospects for optical searches.

As (3.3) and (3.4) show, the interactions may be described as fluctuations in the

effective metric. If the fluctuations have size O(1) and scales ∼ R, they will produce

O(1) deviations in geodesics. This will in particular affect photons propagating near the

BH. This means that, with a candidate spectrum (e.g. momenta, frequencies) for these

fluctuations, one can examine the effects they would have on BH images, such as will be

produced by EHT. Specifically, the expected images are found by beginning with a model

for the accreting matter and its radiation, and then using ray-tracing methods to follow

the radiation outward and infer the image. For BH solutions without fluctuations, these

methods produce images with distinct features, such as a BH shadow, and outside that

a ring-like structure called the photon ring (see, e.g., [59] for discussion). Strong, soft

fluctuations, if present, are expected to add effectively random deflections to the photon

trajectories, leading to the expectation of a smaller and fuzzier shadow, and distorted

photon ring [60, 61].

An initial exploration of the modifications to these images due to strong, soft metric

fluctuations was begun in the recent work [26]. With an example spectrum, with O(1)

fluctuations, this work demonstrated that the effect of these perturbations can be quite

significant. Taking as the typical time scale for the fluctuations τ ≈ 8π2R, one finds

dramatic evolution of the image on this scale, as is shown in [26] and linked videos [62].

(Note that if instead τ is defined by the peak in the spectrum, it is three times smaller.)

This is an important proof of principle for sensitivity, though visibility of such signals

depends on the actual magnitude and time dependence of the fluctuations. Note also that

the time scale 8π2R ∼ 1 hr for Sgr A∗ is shorter than the “averaging” scan time used by

EHT, of order a few hours, while for its other primary target, M87, the time scale 8π2R

is ∼ 60 days. This means that the latter appears to present greater prospects for directly

investigating such time dependence [26].

However, if no such effects are seen, the discussion of section 4.3 provides a possible

explanation.
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5.2 Entropy-enhanced transfer

Section four suggested a scenario where unitarization — an O(1) effect — is possible with-

out having significant effect on matter propagating near the horizon; information transfer

is enhanced, relative to the size of individual interactions, by the large entropy of the BH.

It is important to more carefully establish the viability of such a scenario.

Specifically, two important ingredients of this proposed scenario are 1) an information

transfer rate governed by a formula like (4.7), such that information transfer of size (4.13)

is possible even with tiny couplings, (4.15), and 2) the statement that effects on matter

near the BH depends on matrix elements like (4.20), which are, due to the tiny couplings,

highly suppressed.

An important element in the first ingredient is providing additional arguments or proof

for a formula of the form (4.7). Recall that the perturbative argument resulting in (4.16)

appears to provide significant support for this conjecture.

For the second ingredient, an important element is showing that the full evolution of the

coupled subsystems — BH and matter moving near the BH — produces small perturbations

in that matter. The full evolution is determined, in the framework adopted in this paper,

by a hamiltonian of the form (2.9), combining an internal hamiltonian H< which may have

rather chaotic features, with an interaction hamiltonian HI of the form (3.2) or (3.3), and an

exterior hamiltonian that is well-approximated as giving standard LQFT evolution. Then,

the important question is whether, with couplings of the size necessary for unitarization,

the interactions HI have small effect on the outside matter. Section four has argued that

the typical perturbation in the effective metric is small, so is expected to have small effect,

and a supplementary perturbative scattering argument was given. It would nonetheless be

nice to have a more complete analysis of the fully-coupled problem, proving the expected

lack of enhancement in the full evolution.

It should be emphasized that, assuming that these effects are small, the basic mech-

anism responsible, relying on the large number of BH states, is not limited to metric

couplings (3.3), but also can function via non-universal couplings (3.2).

Given that the couplings necessary for unitarization may be small, another interesting

question is whether they can arise from gravitational dressing corrections to the subsystem

division that we described in section II, or whether they are a signal of truly new physics.

The former alternative potentially connects to the suggestion that soft hair plays a role

in resolving the puzzle [38–40]. Indeed, a first expectation — noted above — is that

gravitational dressing is too weak to make important corrections; a similar concern has

led to skepticism about soft hair providing sufficiently large effects to effectively transfer

information and restore unitarity. But, the present discussion indicates the possibility that

small couplings are sufficient, if they are of the right form, suggesting further exploration

in these directions.

5.3 Towards a fundamental picture

The discussion of this paper has offered a very interesting new possibility for interactions

that restore the reign of quantum mechanics over black holes, without having a large effect
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on matter propagating near a black hole. Important tests of this scenario include both

those of its logical consistency as well as observational tests checking whether matter near

a black hole is significantly affected by new interactions with the black hole quantum

atmosphere. Beyond that, a more profound question is that of the underlying fundamental

physics responsible for the deviations from quantum field theory that are necessary to

save quantum mechanics. As with the atom and the original development of quantum

mechanics, models of correct black hole physics may provide a key guide to such more

basic physics, which may well go beyond present knowledge of gravity.

So, this work presents a number of future directions. One is sharpening the interplay

between the constraints for necessary information transfer, the match to BH thermody-

namics, the size of effects, and their observability. Searching for these departures from

GR predictions in EHT or LIGO observations is also clearly important. And, finally,

a fundamentally important question is to develop a more foundational picture of quan-

tum spacetime, from which the interactions of this paper could emerge as an effective

description.
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A BH time slicings

This appendix presents a brief discussion of time slicings that extend into the BH interior,

such as are used in the main text. Further discussion of dynamics on such slices is planned

for future work [32].

First, note that a D-dimensional nonrotating BH can be described, including the region

inside its future horizon, in Eddington-Finkelstein coordinates as

ds2 = −f(r)dv2 + 2dvdr + r2dΩ2
D−2 . (A.1)

Here f(r) = 1− µ(r) is a dimension-dependent function: for two-dimensional BHs,

µ(r) = e−2(r−R) , (A.2)

and for D > 3

µ(r) =

(
R

r

)D−3

. (A.3)
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In general, µ(r) = 1 at the horizon r = R, µ(r) vanishes at r = ∞, and µ(r) diverges at

the singularity.

Time slices through these geometries can be defined by choosing a function s(r), with

s(r)→ r as r →∞; then, for a given T , the corresponding slice is found as the solution of

the equation

T = v − s(r) . (A.4)

At r →∞, these slices asymptote to slices of constant Schwarzschild time t = T . Depending

on the behavior of s(r) for decreasing r, these slices can either intersect the singularity, or

avoid it as with the nice slices of [63] (an explicit example is [20]). A particularly simple

choice is s(r) = r, which we call “straight” slices.

In the coordinates (T, r,Ω), the metric takes the ADM form (2.1) with

N2 =
1

s′(2− fs′)
, Nr = 1− fs′ , qrr = s′(2− fs′) , (A.5)

where s′ = ds/dr. Note that at the horizon N2 = qijN
iN j . In the straight slicing,

N2 =
1

2− f
=

1

1 + µ(r)
, Nr = 1− f = µ(r) , qrr = (2− f) = 1 + µ(r) . (A.6)

In these slicings, the metric is independent of T , as was assumed in the main text.
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