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Abstract. We consider the entanglement of closed bosonic strings intersecting the event horizon of a Rindler
spacetime, and, by using some simplified (rather semiclassical) arguments and some elements of the string
field theory, we show the existence of a critical temperature beyond which closed strings cannot be in thermal
equilibrium. The order of magnitude of this critical value coincides with the Hagedorn temperature, which
suggests an interpretation consistent with the fact of having a partition function that is ill defined for tem-
peratures higher than it. Possible implications of the present approach for the microscopical structure of

stretched horizons are also pointed out.

1 Introduction

A central issue in string theory at finite temperature is the
meaning of the Hagedorn temperature [1], which may be
related to a critical acceleration via the Unruh effect. Some
authors argued that strings sufficiently near an event hori-
zon should be accelerated so much that this critical value
would be exceeded, and an infinite energy would be re-
quired for this purpose; consequently, the interpretation is
that the string would slip into the black hole [2]. The main
question we are addressing is how to describe this process.

Furthermore, on the other hand, a black hole inter-
acts with systems that are at rest with respect to them
(called fiducial systems) as a dissipative effective mem-
brane placed on a neighborhood of the horizon. This idea
was first used in astrophysics a long time ago and referred
to as the “membrane paradigm” [3]. More recently, it was
revisited in the context of string theory with the suggestive
name of “stretched horizons” [4]; it has great interest for its
actual physical meaning and microscopical picture. We are
going to see here that these two issues as a result are found
to be related in the context of strings.

In fact, stretched horizons should be placed at a dis-
tance from the event horizon, related to the I string length
scale [5]. According to some references (e.g. [2,6,7]), the
string is maximally accelerated at this distance, and the
corresponding Unruh temperature is associated to the
Hagedorn temperature. Here we propose that in this situ-
ation the event horizon intersects the worldsheet in order
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to show that, at the corresponding value of the critical
temperature/acceleration, the string vacuum (seen by ac-
celerated observers) is an entangled state of string modes
living in the two causally disconnected regions. Notice that
this configuration may be seen as two open strings end-
ing precisely at the horizon and may be interpreted as
a vertex diagram. Finally, we are going to argue that when
a second quantized string theory is taken into account, the
corresponding Hamiltonian to such a configuration (ver-
tex) of the closed string intersected by the event horizon
is actually related to dissipative processes when a string
field description is adopted. Some results recently reported
show that the infrared behavior of theories whose dual
bulk-gravities contain a black brane is governed by hy-
drodynamics [8—10]. The most interesting result in this
sense is the discovery of a universal value for the ratio of
shear viscosity to entropy density [11]. So, although we are
considering a Rindler spacetime, the fact that the config-
urations of a string at the horizon produce a “universal”
dissipative Hamiltonian for an open string might reveal
something about the microscopic nature of this universal
hydrodynamic behavior from the string’s perspective.

The paper is organized as follows. In Sect. 2 we study
the entanglement of the string vacuum and point out its
relation with the microscopical structure of the stretched
horizon. We use some semiclassical arguments to show the
existence of a critical temperature at which these states
arise. In Sect. 3 we use some elementary issues of light-cone
string field theory to argue for the existence of a dissipa-
tive process beyond that critical temperature. In Sect. 4,
we summarize and make some concluding remarks where
briefly the possibility of identifying that critical value with
the Hagedorn temperature (whose order of magnitude are
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in agreement) is discussed, and its eventual significance in
order to explain the singular behavior of the partition func-
tion beyond this value.

2 Entanglement of a closed string
in Rindler horizons and critical
acceleration /temperature

Let us consider a bosonic closed string in light-cone gauge
(LCG). The general solution for the transversal (physical)
degrees of freedom is

Xi(t,0) = 2"+ 2a/p't +iv/o/ /2
« Z (a%ef2in(t70) +ﬁ;ef2in(t+0))/n7
n#0

(1)

where o € [0,27] ~ S, t € R, the worldsheet manifold
is W~ St xR, and the worldsheet metric components
corresponding to these coordinates are given by gg =
diag(—1,1). The field X defines an embedding of W into
the spacetime M. In the presence of event horizons, the
spacetime may be divided in two regions (for simplicity)
denoted by M™/°ut causally disconnected /connected with
a certain class of observers.

The key idea in this simplified model is that, at least in
a classical (and even semiclassical) sense, when the closed
string (thought here as a classical extended object) in-
tersects an event horizon at some point, no microscopical
information goes through it, and this constitutes a criti-
cal regime. In this situation string vibrations are more and
more red shifted so as to approximate the point of inter-
section with the horizon and are frozen at this point [12].
Let us now consider a convenient mathematical approach
to this scenario.

For accelerated observers in the spacetime, the space-
time metric reads

dS?=—-R?*dT?*+ dR*+ dX;d X", (2)

which is called the Rindler metric. On the other hand, the
spatial coordinate R may be expressed as

R*=X"X" (3)

in terms of the light-cone coordinates.

The Rindler spacetime is simply the wedge X > 0,
X~ >0 of the Minkowski spacetime, and its boundary
(horizon) is given by the surfaces X+ =0 and X~ =0.!
A Rindler observer, following a timelike curve in one
of these four regions (say, the wedge I) in which the
Minkowski spacetime is divided, only detects microscopic
information coming from this one. In fact, the horizon sur-
faces correspond to infinite values of the proper time of
these uniformly accelerated observers, T'(X* = 0) = +oo.
So despite that information may fall into wedge II (in the

1 We refer to this as M°".
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causal future of wedge I) crossing the null line X =0, it
is not effectively observed by these Rindler observers in
a finite proper time. In this precise sense one may refer to
causal independence between the wedges.

The light-cone gauge fixing consists in taking t = X * as
a time parameter of the string (LCG). In particular, if t =
X (notice that ¢ = X~ is an equivalent choice) we get

R*=tX", (4)

which shows that the (closed) string intersects the horizon
at least in ¢t = 0 (so in worldsheet points such that X~ =0).
So, if the string worldsheet is W ~ S* x Ry, there is a com-
plete circle where it intersects the horizon. This shows our
initial assertion on the splitting in two regions Wir/out,
Thus, in agreement with [18,19], the string lying behind
the horizon t < 0 affects the string state by entanglement.
So, by requiring continuity of the embedding X : W — M,
the string states in the horizon are given by the gluing
condition,

(Xlln - Xci)ut) |t:0|h> =0 ) (5)
which actually constitutes a boundary state, since it is im-

plemented at t = 0. By using the expansion in modes of (1)
we may write

/Binmi _ eiQnAa;)Lut,i|h> =0 , (6)
aiﬁl’i _ 67i2nAﬂzut’i|h> =0 , (7)
ot~ a3 ) =0, ®)

o y
where zy"* and 23" denote both the center of mass coor-

dinates. We have defined the respective string coordinates
up to a shift, oout = oin + A, s0 A is the relative twist be-
tween the respective ends of the gluing strings [13].2 The
solution of (6)—(8) may then be expressed as

in,iﬁout,i
—nF—n

|h) :NH5(xBn’i—xSUt’i) H edn®

n>0,1
g ﬁin,iaout,i
x I e™7=n=10), 9)
n>0,1
where ¢, = €?" and Ny is the proper normalizing
constant.

Notice that in addition to the circle ¢ = 0, the string
intersects the horizon at the points X~ = 0. Classically,
this condition defines a curve on the worldsheet o = S(t)
for ¢ > 0, which clearly separates the worldsheet in two
parts, with topologies [0, S(¢)] X Ry>¢ and [S(¢), 27] X Ry>o
respectively, which are open sheets. So, in other words, if
the world tube goes through the axis X~ =0 along the
time X, the worldsheet points are separated in two sets

2 The signal of ¢ is inverted in the horizon so, in order to de-
fine both fields X™/°Ut a5 parameterized by a positive time
parameter, it is required that the right(in/out)/left(in/out)
modes be defined such that they contribute both to the same
term in the expansion of the general solution of (5).
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Win/out defined such that the map X~ (p € Wir/°ut) is pos-
itive /negative, respectively. In order to obtain the quan-
tum states corresponding to this condition, once again,
one might take the other possible choice consistent with
the light-cone gauge (LCG), namely X — = ¢, which clearly
provides the same state (9).> The study of the quantum
solutions of the condition X ~|h) =0 is an interesting is-
sue in itself and will be investigated in another paper.
However, here we are focused on showing that this situ-
ation may be described as genuine entanglement between
string degrees of freedom, viewed as a two-dimensional
field theory.

Let us study then the closed string entangled that
we are talking about. From a strictly topological point
of view, a closed string may be separated by the event
horizon in two physical regions (simply connected or
not), Win/eut/x (Jyin/outy — prin/out  which are clearly
open.

Because this is a local free theory, Hcioseq can be triv-
ially separated in a direct product of two independent
Hilbert spaces H[S™] ® H[S"], where S™US°ut = §1.
To avoid (in principle) arbitrary confusion with stan-
dard open strings (defined by Dirichlet/Neumann com-
binations of boundary conditions) we name them “c-
open strings”. In fact, we can define the fields Xn/out
as the restriction of the field X to each wedge Wir/out
and quantize them with boundary matching conditions,
XOut| ygout = X|5qin. The solutions simply are the re-
striction of the solution (1) to the respective intervals. So
the vacuum state of a closed string may be written as a ten-
sor product of two states in #* ® H°", namely |0iy)|Oout)-
Then it is evident that in this situation the local degrees
of freedom of the part of the string behind the horizon
(W) produce entanglement and the fundamental state of
the system is a mixed/entangled state, which clearly dif-
fers from the non-entangled vacuum state, where all the
local degrees of freedom of the closed string are causally
connected.*

So, in this sense we wish to show that the problem
may be handled as in the Unruh-Hawking effect, where
an ordinary field theory is quantized on a two-dimensional
base manifold (the world-sheet) with an event horizon [15].
We are going to show indeed that when a closed string
intersects the event horizon of accelerated observers, the
string vacuum coincides with the boundary state (9),
which entangles inner and outer string modes, and it is re-

3 Notice that quantizing the condition X~ =0, where X~
is thought of as the time parameter, corresponds to view-
ing the interval [0, S(t)] as the evolution time rather than
the (open) string range of the coordinate o. This resembles
the transformation that interchanges the closed into the open
channel.

4 We notice the remarkable fact that, in principle, an arbi-
trary separation of a closed string in two c-open strings may
always be considered, but it is merely a formal construction
except in the situation in which a closed string intersects a hori-
zon. This will become clearer in the last section when we de-
scribe this as a vertex whose contribution shall be irrelevant
except in the presence of the horizon.
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lated to the inertial vacuum state through a Bogoliubov
transformation.

To this purpose we may observe that the embedding
X :W — M, assumed to be smooth, induces a compatible
worldsheet metric through the expression

Iwyab = 0a X" X" g(ary v - (10)

In particular, it is straightforward to verify that the world-

sheet element of distance induced from (2) reads®

ds? = —r?dr? + dr?, (11)

where the vector field 7% := V%r(a =0,1) in the world-

sheet is related to the d-vector tangent to the congru-

ence of accelerated curves (Rindler observers), 7 = VT

(u=0,...,d), through the expression

TH =0, XHT?, (12)

given by the pull-back corresponding to the string embed-

ding. Similarly, we have defined the parameter r® := V%r

as related to the Rindler spatial coordinate R, :=0,R
through the pull-back

RV =120, X" . (13)

This actually describes the worldsheet geometry in a neigh-

borhood of the horizon.

Notice that the worldsheet horizon, defined by r =0,
actually describes the intersection of the string with a hori-
zon in the spacetime for a time string parameter 7 chosen
in agreement with the proper time of a certain congru-
ence of timelike curves in the spacetime associated with
a particular class of (properly accelerated) observers. If
p € Hw, the time—time component of g(-) vanishes at this
point, and then (since the pull-back is well defined, the
character — timelike — of a vector is preserved by this) au-

tomatically the time-time component of g(ys) also vanishes
at X (p),

0= g(W)TT|p = g(W)abTaTb |p

= 90y x () (0 XHT%1p) (X T"1p) = g(aryrr|x ) -
(14)

Then X (p) € Hyy, the horizon of the observers that fol-
low the timelike curves generated by 7. The same state-
ment holds in the inverse sense, and therefore we see
that the horizons of the respective congruences, related
by (12), are such that p € Hy if and only if X (p) € Hy,.
However, let us remark that the presence of Hys does
not imply a coincident Hjps, unless there do exist space-
time observers whose proper times are synchronized with
the time string parameter (as is the case of the particu-
lar class of Rindler observers we are considering in this
framework),® This is a useful property for the situation

5 For more details, see the appendix.
6 In [20,21] there are examples where worldsheet horizons
may not coincide with spacetime horizon crossings.
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we are analyzing and considerably simplifies the analy-
sis, since it allows us to deal with the problem of de-
scribing the string intersecting an event horizon directly
in the worldsheet, rather than imposing this condition
in the target space.” Thus, it is actually natural to in-
terpret the relation (12) in a semiclassical sense (taking
the expectation value in the right hand side), since the
target vector 7" refers to the d+ 1-velocity of classical
observers. One may therefore define classical frames (as-
sociated to observers in the spacetime) such that they
detect the horizon Hpy/Hpy NX(W) = X(Hw) in this
way.

This picture is similar to the Unruh-Hawking sce-
nario and we may follow the standard procedure, consist-
ing in quantizing D — 2 ordinary scalar fields on a two-
dimensional (Lorentzian) manifold W in both accelerated
and inertial frames and find the Bogoliubov transform-
ation that relates the respective Fock spaces.

In the LCG, the physical degrees of freedom dynamics
for a closed bosonic string are governed by the equation

OX‘=0, i=1,...,d—1 (15)
for the transversal coordinates of Rindler observers [12],
which is also valid for inertial coordinates.

In particular, in order to quantize the system and to de-
fine the Hilbert space, we will take a worldsheet foliation
in Cauchy surfaces (topologically S*), whose parameter co-
incides with the proper time of a uniformly accelerated
observer in the target space time.® In this case we use the
Rindler coordinates (r, 7) locally induced from the Rindler
ones as shown above, and the local string equation we have
to solve is

(—r202+02+7r7'9,)X" =0 (16)
in each patch (chart) of this type of coordinates in order
to cover the worldsheet manifold. Solutions of this are well
known [14]; then, by considering the proper conditions of
smooth matching between the solutions on each chart and
the periodicity conditions, we may construct a complete
set of eigenfunctions U, (7, r) orthonormal with respect to
the scalar product

(X1,X7) = Zi/Xlé_;XZ

rt
:ZI/, dT(XlanQ—X28TX1)a (17)

7 In other words, the string coordinates are operators, which
should be equal to the horizon coordinates, which are c-
numbers. So this should be implemented on states rather than
on operators, which should be similar to (5).

8 In fact, the worldsheet manifold W may be decomposed
as a collection of spatial one-dimensional manifolds X ~ St
and the scalar product is canonically defined by (X1, X2) =

g
ifZ't Xl 8X2 = ifEt Xlath — Xzatxl, which allows one to

quantize the field X' and to construct the corresponding
Hilbert/Fock space.
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while the usual string solution in the Minkowski back-
ground is (1) (with the Minkowskian scalar product,

g
(Xl, X2) = ifsl dO’Xl ath).
The general solution for the closed bosonic string in
these coordinates may be expressed by

Xi(r,r)=a' +i/o/ /2

% Z Z (biL(n) UT’:(”) (r,7) +Z_7£L(n) U’r(Ln) (T, T)) :

n nez
(18)

In (18) the symbol nn = in/out (and —n = out/in) takes
into account the fact that the worldsheet has a hori-
zon, so it is divided into two causally disconnected re-
gions or wedges. Following the standard procedure [14, 15],
we can introduce the operators d =3, ., Plan, d} =
> n0 Pl Bn, where Pyl is a complete set of orthogonal func-
tions, and now the operators b and d\"”’ can be related by
a Bogoliubov transformation:

bg?) = dg?) cosh(e,) + J%W)T sinh(e,,) = G(Gn)d%mG_l(en) )
bt = d sinh(e, ) 4+ d™T cosh(en)

= G(en)@;n)TGil(en)a (19)

where the coefficients €,, depend on the coordinate trans-
formation parameters, and then they shall be related to
the acceleration of the observer in the spacetime, and G(¢)
reads

Gle) =exp |3 be, (dnd, " — dPtd ™)

n n

(20)

It is clear that when the string does not intersect the
horizon, the G transformation is trivial (it maps |0p)out
into itself)?. In order to describe this, we have inserted the
parameter 6, defined to be 1 if there is a horizon in the
string worldsheet and 0 otherwise.

While the operators d! and d;} annihilate the vacuum

state |0g) = |00)+|00)—, (referred to the two-dimensional

Minkowski metric gg), the operators bg'), 1_75«37)

the vacuum:

annihilate

10(€)) = G(€)[00) ,

which can be written as a SU(1,1) x SU(1,1) coherent
state:

(21)

|0(e)) = (1/Z) exp |6 Z Z(tanh en)(dl(”)(ﬂl(_”)) [0o) ,
n (22
where

7 = Z[e] = ][ cosh® e - (23)

9 In general entanglement theory H = H"* — H'® and [G, H]
= 0; then, if the worldsheet metric is horizon free, the Hamilto-
nian is H = fSl~S°ut hdr = H°", and we get G, HOUt] =0.
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We conclude this part by noticing that the boundary
state (9) may be recovered from the expression of the
fundamental state (22) for a suitable A, as we should
expect. In particular we get tanhe, = ¢,()\), and the oc-
cupation number of the string modes is given by N,, =
sinh? €,,, which agrees with a Bose—Einstein distribution of
string modes at the temperature i(4\)~!. Therefore, the
string twist produced by the horizon may be interpreted
in terms of the temperature/acceleration of the Rindler
observer.!°

Clearly, this vacuum state consists of a condensate of
string modes placed on the horizon region'! which de-
scribes the critical point where the transition of closed
(non-entangled) to c-open (entangled) string occurs. Then
one may discuss the actual physical meaning of this transi-
tion in a semiclassical language.

In this particular situation, when the closed string (here
thought of as a classical extended object) intersects the
horizon at some point, the center of mass of the string is ap-
proximately at a distance 7. = l5/27 from this intersection
point, where the circumference length of the closed string
is [g.

On the other hand, the force/acceleration that has to be
applied at the center of mass point in order to get a fidu-
cial string!? is given by the inverse of its distance [2] to
the horizon, ac ~ 1/r.. Then, since the order of magnitude
of the closed string circumference is Iy ~ v/2a/, we finally
conclude that a. = 27 /Iy ~ 2w /+/2¢/. Finally this accel-
eration may be related to a critical temperature via the
Unruh effect, since the system at this point feels a ther-
mal bath of temperature T, ~ a.. So, because the string
is an extended object, when the acceleration of the center
of mass point exceeds a., an event horizon intersects the
worldsheet and the degrees of freedom behind it become
causally independent, and the entanglement produced by
these hidden degrees of freedom becomes non-trivial. This
critical value is indeed similar to the Hagedorn tempera-
ture, Ty ~ 1/4/20/; so at least, it may be affirmed that their
orders of magnitude are in agreement. This coincidence
suggests a possible identification of both values and conse-
quently a plausible model for the Hagedorn transition;'3,
however this is merely a speculation that cannot be rigor-
ously shown in the simplified context we are considering
here.

Let us conclude this section by pointing out that
this condensed state exists for accelerated (fiducial, for
black hole horizons) observers, so that in the “membrane

10 In this case, it shall be thus interpreted as a purely imagi-
nary twist A =i3/4.

1 A similar condensed state was found in [16], when a closed
string approaches the null singularity of the pp-wave time de-
pendent background.

12 Since this situation is assumed to be stationary (i.e. the
string does not fall into the causally prohibited region), the
string has to be accelerated.

13 this transition consists in the appearance of two (or more)
causally disconnected regions in the worldsheet. This should fi-
nally depend only on the temperature rather than on a relative
magnitude as the acceleration.
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paradigm” ! [3], or, in the modern language of strings and
branes, we have a “stretched horizon” [4,5]. So, here we
wish to emphasize that this could constitute an appropri-
ate microscopical model for this object,'®> which may be
expressed as a boundary state (9) localized in the horizon.

In fact, it is believed that the stretched horizon is a hy-
persurface, that, for fiducial observers, behaves like an
extended object with dissipative characteristics, a mem-
brane. We are going to show in the next section how dis-
sipative behavior naturally appears in the scenario pre-
sented here.

3 String field and dissipative behavior

If the coherent state (22) is assumed to be a microscopic
description of the membrane paradigm, which has dissipa-
tive attributes [3], dissipative behavior should be expected
to arise in this framework, and as a by-product of the argu-
ments given in the previous section, it should be related to
the Hagedorn scale.

The goal of this section is to argue for the dissipative be-
havior of strings in contact with a horizon discussed above
when we consider a second quantized description, namely
a string field approach. To this purpose we will only use
very basic and generic properties of light-cone string field
theory, which are supposed to be valid in this context [25],
to argue for the existence of interaction terms between
inaccessible/accessible (in/out) modes in a second quan-
tized Hamiltonian. We will also use some simple arguments
of “non-equilibrium thermofield dynamics” [22—24], a uni-
fied and canonical formalism that extends the thermofield
dynamics (TFD) [17] to quantum dissipative systems. Ac-
cording to this, such a term would be evidence of dissipa-
tion, or more weakly: out of equilibrium processes, since
the interaction between accessible/inaccessible modes de-
scribes energy-momentum exchange among them, which
clearly causes loss of microscopic information into the inac-
cessible system.

In light-cone string field theory, the interaction dia-
grams are constructed by demanding the continuity of
worldsheet embedding, which defines a set of gluing equa-
tions. The solution of the gluing equations are boundary
states, which are vertex states living in the multi-string
Hilbert space. For each vertex state there is a second quan-
tized Hamiltonian that defines the string interaction. This
is exactly what we have here. We have shown that Rindler
observers see the closed string intersecting the horizon as
an entanglement of strings, defined by (22) (or (9)). On the
other hand, this state may be thought of as a squeezed ver-
tex state |V) in the two-string Hilbert space Hin ® Hout,
corresponding to two c-open strings, as discussed before.
In fact, it is clear that the configuration described above

14 For observers that remain stationary with respect to the
black hole (and do not fall into it), the horizon region is effec-
tively viewed as a membrane.

15 For a discussion of the relation of this type of coherent
states to macroscopical ones, see [17].
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constitutes a diagram at tree level of two strings interact-
ing, while their respective boundaries make contact on the
horizon hypersurface and the gluing equations are defined
in (5). This may be expressed as follows:

Z O(Nl, N2)|N1, il’l>|N2, out> = |0(6)> y (24)
N1,N2
where the coefficients may be explicitly expressed by
C(N17N2) = (Nl,in|<N2,out|G|00> 5 (25)

where G is given by (22). Notice that in each term
of (24) the quantum numbers Np,Ns coincide, since
C(N1,N3) =0, VN; # Njy. By projecting these basis
states in the position base, we get the wave functions for
the Nth level:

{z[N) HLT'Nn Tn), (26)

where we are using the usual notation of light-cone string
field theory, whose oscillation modes shall be built accord-
ing to the expansion (18) and the component N, of the
vector N corresponds to the occupation number of oscilla-
tor n.

Let us define the functional field ™ [p}, 21 (0), o € S
of the string living in one side of the horizon and a func-
tional % [p], 22(0), 0 € S°U] of the string living in the
other side. The respective light-cone momenta are p;” and
py and the expansion of the fields in position space is

Do AR [ v (@),

Ipfl N
+) H!pNn(xn) )

ZAout
\/ P3| N
(27)

where the second quantized operators AN1 (p7), AR (p3)
are string creation operators for p* < 0 and string annihi-
lation operators for p* > 0.

In a functional representation, the interaction Hamilto-
nian related to the configuration of the two c-open strings
on the horizon (i.e. for Rindler observers) is bilinear in the
fields ¢ (p}, 1 (o) and ™ (p3 , x2(0)). It may be written
(up to a suitable coupling constant) in the number basis as

S (5 11 (0)) = —

@out (p;, w2(

Hy = / dpfdpf > C(Nu N2)AR, () AR (7).
N, Ny

(28)

which describes the contact interaction between the two
strings encoded in the (vertex) state (24), with the
C(N7,N2) coefficients given by (25).

Then this Hamiltonian typically describes a dissipa-
tive/out of equilibrium system; since for observers (that
detect the horizon) in one of these sides, the system/field in
the other (hidden) side may be considered “non-physical”.
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Here both systems are physically realized, but as ob-
served by Israel [18], the important fact is that they are
causally disconnected. Thus, this structure, with a coup-
ling between physical and non-physical modes, is analo-
gous in form to the non-equilibrium-TFD, characterized
by a Hamiltonian that includes a coupling between the
physical and non-physical modes. It is remarkable that in
the presence of horizons, while quantum fields of particles
produces a scenario similar to equilibrium TFD [15,18],
in this approach, owing to the extended nature of strings,
free string fields behave more according to non-equilibrium
TFD.

Finally, for completeness, from (25) we may explic-
itly verify that for # = 0, corresponding to considering the
string field in a region distant from the horizon, so that
for inertial observers C(IN1,N3) =0, VN1, N2 # 0. Thus,
in this case the contact Hamiltonian reads

/ dpf dpf C(01,0) AR (1) A (5F),  (29)

which is irrelevant for the closed string dynamics observed
in inertial coordinates. In fact, this encodes a sort of prod-
uct between ™ and $°"* that precisely shall be equivalent
to a linear term in the closed string field @, which clearly
does not contribute to its own evolution equation.

4 Concluding remarks

We proposed a simplified model in which the transition
closed — c-open strings, occurring when the string in-
tersects a horizon (and the center of mass acceleration
is ac ~ 27(Is)~1), may be interpreted in this approach as
a limit for the equilibrium of the system beyond which
there is a transition equilibrium/dissipation rather than
a standard phase transition. This critical acceleration may
be related to a temperature via the Unruh effect; so the cut
temperature is T, ~ 1/ v2a/, which remarkably coincides
with the order of magnitude of the Hagedorn tempera-
ture Ty. It then seems to be natural to hypothesize the
possible identification of these critical temperatures and
consequently interpret Ty as being a limit temperature for
a system of non-interacting strings in equilibrium.

It is believed that the Hagedorn regime should be ex-
plained in the context of strong coupling with the back-
ground spacetime, since the Hagedorn singularity arises by
summing over highly excited modes in the partition func-
tion. However, this singularity appears even for free strings
in a Minkowski spacetime and in this approach we precisely
get a simplified model in which a singularity is also present,
but with some new ingredients related to entanglement and
dissipation, which, rather than to be viewed as an expla-
nation, may shed some light on physics in the Hagedorn
phase. In fact, we assumed weakly coupled strings in nearly
flat background spacetimes such that the back-reaction is
controlled. These conditions are also valid for very massive
black holes, where near the horizon gravity is weak and the
metric may be approximated by a Rindler one [4, 5].
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Let us remark that this hypothesis would explain why
the partition function corresponding to an equilibrium
ensemble is ill defined beyond this value (in particular,
it diverges). In addition, these results provide a physi-
cal mechanism to enforce the approaches where the dis-
tance of the horizon (a.)~! constitutes a cut-off in order
to evaluate thermal observables (e.g free energy) and
obtain finite results. In fact, closer degrees of freedom
could not be considered in equilibrium and consequently
these observables would be improperly defined in such
regions.

Finally, we have also found an horizon filling boundary
state, with many of the properties that one should wish to
recover in a stretched horizon model.

Appendix: Induced worldsheet metric
in a Rindler spacetime

The string embedding X: W — M is assumed to be
smooth for simplicity. 7 (1 =0, ..., d) is the d-vector tan-
gent to the accelerated curve and its affine parameter is 7T,
and we let R, = 0, R.

Let us introduce the vector fields 7 := V®r and r® :=
Ver (a=1,2) in T,IW and define them through the pull-
back

™ =729, X", (A1)
RV =10, X" . (A.2)

On the other hand, the worldsheet metric is consistently
induced via this map from the metric (2)

Iwyab = 0a X" X" g(ary v ; (A.3)
then the line element reads
ds® = —R*d7* 4+ dr”. (A.4)
This may be verified by virtue of the relations
T goanyw =TT g(wyar = —R? (A.5)
RERY gany = T“rbg(W)ab =1, (A.6)
TR g(ayuw = Tarbg(w)ab =0. (A.7)

Finally, by using (A.2) and the definition of the Rindler
coordinates (2), we may notice that 0,R = 7%9,R
=T7%0u X"OuR) = TMO,R = g—? = 0. This implies that
R = R(r), and it may be chosen as R(0) = 0; thus, near
r = 0 the worldsheet metric takes the form (11):
ds? = —kr?2dr? + dr’k = const. ,

(A.8)
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and k is a positive constant, due to the signature, which
may be taken to be one.
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