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ABSTRACT: In this paper, we discuss Rindler space string thermodynamics from a thermal
scalar point of view as an explicit example of the results obtained in [1]. We discuss the
critical behavior of the string gas and interpret this as a random walk near the black hole
horizon. Combining field theory arguments with the random walk path integral picture, we
realize (at genus one) the picture put forward by Susskind of a long string surrounding black
hole horizons. We find that thermodynamics is dominated by a long string living at string-
scale distance from the horizon whose redshifted temperature is the Rindler or Hawking
temperature. We provide further evidence of the recent proposal for string theory at the tip
of the cigar by comparing with the flat space orbifold approach to Rindler thermodynamics.
We discuss all types of closed strings (bosonic, type II and heterotic strings).
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1 Introduction

In [1], we analyzed the method set forth by the authors of [2] to analyze the near-Hagedorn
thermodynamics of string theory directly from the string path integral. The method ex-
plicitly describes the random walk picture of high-temperature string thermodynamics:
after heating up a gas of closed strings, the constituents coalesce into a single long, highly
excited closed string.! This long string behaves as a random walker in a fixed background.
From a Euclidean point of view, the long string is described by the thermal scalar [5]. This
is a complex scalar field that combines the winding +1 stringy excitations around the Eu-
clidean time circle. We noted that this random walk receives corrections compared to the
naive ‘worldsheet dimensional reduction’ to a particle theory. The random walk picture
also emerges when considering black hole horizons [6, 7]. The long string(s) wraps the
horizon and effectively form the stretched horizon. This is a microscopic stringy candidate
for the black hole membrane as it is called in the earlier literature.? This picture and the
related correspondence principle have been studied extensively in the past by numerous
authors (see e.g. [9-17]). The stretched horizon is located at a string length outside the
black hole horizon. It is our goal to analyze this picture further for a string gas close to
the horizon or more specifically for a string gas in Rindler space using the explicit methods
developed earlier. Recently, in light of the so-called firewall-paradox [18],® it has become
increasingly important to better understand how string theory behaves near black hole
horizons.

The methods developed only consider the genus one worldsheet (torus) and are thus
firmly rooted in perturbative string theory. We are aware that this limits the applica-
tions. In particular it has been argued [7] that close to the black hole horizon, one cannot
ignore the higher genus contributions. Due to a lack of analytical methods to analyze
non-perturbative string theory in this regime, we take the genus one results as a guide to
what actually happens near black hole horizons. The genus one approach to Rindler string
thermodynamics has been considered quite extensively in the past (see e.g. [20-24]).

The methods we will use are a mixture of two approaches: firstly we use a worldsheet
Fourier series expansion of the string path integral. This provides an explicit random walk
picture and it can be interpreted as the long string in the Lorentzian picture. Secondly,
we use the field theory action of the thermal scalar. This field theory point of view will
allow us to explicitly see the corrections to the particle action that the first approach
misses. Also, off-shell questions are accessable using field theory. When we combine these
two approaches, the difficulties of either approach are better understood and we obtain a
realization of the (genus one) long string surrounding the black hole as was anticipated and
argued by Susskind several years ago.

This paper is organized as follows.

! Actually this depends on the compactness of the different dimensions [3]. For d > 3 a single string
dominates, for d = 0 multiple-string configurations contribute, whereas for d = 1 and d = 2 a more detailed
analysis is required [3, 4].

2See e.g. [8] and references therein.

3See [19] for an earlier account of this.



In section 2 we recapitulate the results from [1]. In section 3 we discuss Rindler space
thermodynamics and its link to black hole horizons. In section 4 we elaborate on the higher
order o corrections for the specific case of Rindler space. We discuss this in general first
and then we use the link to the cigar CFT as was recently proposed in [25-27]. Using
this knowledge, we analyze the thermal scalar in Rindler space in section 5 for bosonic,
type II and heterotic strings. In particular we determine the Hagedorn temperature, the
location of the random walk and whether the free energy remains finite or not. We discuss
the Hagedorn behavior and the density of states of the Rindler string and show that the
free energy is dominated by a long string at string-scale distance from the horizon with
redshifted critical temperature equal to the Rindler temperature. In section 6 we make the
link between the critical behavior of flat space C/Zy orbifold models and angular orbifolds
of the SL(2,R)/U(1) model and in particular we will find that the non-standard momentum-
winding duality of bosonic strings on the cigar [28] has an important manifestation on the
flat C/Zn orbifold. In section 7 we identify the Rindler quantum numbers with those from
the cigar model. We will discuss the unitarity constraints and how they are translated to
the Euclidean Rindler case. We present discussions, some remaining open problems and
our conclusions in sections 8, 9 and 10. Several illustrative and technical calculations are
gathered in the appendices.

2 Set-up and plan

The authors of [2] have given an explicit path integral picture of the thermal scalar. We
have extended their result in [1]. Let us recapitulate the results here.

Performing a naive worldsheet dimensional reduction of the torus partition function,
we found that the torus path integral on the thermal manifold reduces to

szz/ooo;lZ/[DX] /HdetGijeXp—Sp(X) (2.1)

1
Aol

where

p

2 2 . .
[52 / dtGoo + / dtGijatXZatXJ] : (2.2)
0 0

The full string partition function has been reduced to a partition function for a non-
relativistic particle moving in the purely spatial submanifold. The time evolution of the
particle in its random walk is identified with the spatial form of the long highly excited
string. We view this as a realization of the Wick rotation: the long string in real spacetime
has a form described by the above random walk.

The free energy of a gas of strings can then be identified with the single string partition
function as [29]
1
g

An alternative route we followed was the field theory of the particle modes. Using this

F=--2, (2.3)

theory for the thermal scalar, we were able to see that correction terms to the above



particle action were in order. The thermal scalar action is given by (to lowest order in o)
D—1 —2P 19 * R2 GOO * 2 *
S ~ d x Gij v/ Gooe G J(?iT@jT + 7/2TT +m*TT" |, (2.4)
o

where m? is the tachyon mass? in flat space whose precise value will be given below. From
this action, the one-loop free energy is given by

+o0 o _o2.,.2 i 25V Go0 o
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(2.5)

We denote the operator in brackets in the exponential in the first equation as O in what
follows.

We have also collected the ‘local’ mass terms in

4 RG

me, . = Y + 0/200, for bosonic strings, (2.7)
2 RG

m%ocal = + O/QOO, for type II superstrings, (2.8)
3 1 R*Gyo S

me . = > + 1R2Cog 2 for heterotic strings. (2.9)

The function K (x) denotes the following metric combination®

3 GY9iG00d;Goo n V2Goo

K@) =-f—ez e

(2.10)

and this represents the effect of removing the v/Ggo from the measure in the field theory
action. Going from (2.5) to (2.6) requires some delicate manipulations that we discussed
in [1]. Equation (2.6) can then be identified with (2.1) and (2.2) and hence we can see
which correction terms are needed in the particle action. The correction terms are of three
different types:

e Firstly we have a correction term coming from the mass of the closed string tachyon
and this is of the following form

B
AS = —ﬁ. (2.11)

For bosonic strings ,B%, = 1672¢/, for type II superstrings ﬁ?{ = 872a/ and for het-

erotic strings 8% = 1272/

For bosonic and type II strings, this is the flat space
Hagedorn temperature but for heterotic strings this is not the case. By abuse of

notation, we will nonetheless denote this term with ,6’%{

4v? is the Laplacian on the spatial submanifold.



e Secondly we have a correction coming from the Ggg component as explained in [1]:

AS = !

T2
2 12
e Finally we could have order-by-order o’ correction terms of the field theory action.
These are of course not present in (2.6) and it is difficult to say anything specific
about these in the general case. Nonetheless we will obtain these corrections for the
specific case of Euclidean Rindler space.

In [1], we only analyzed flat backgrounds explicitly. For a general curved background
however, we have much less control on what precisely happens. Two questions need to be
answered:

e [s there a winding mode that becomes tachyonic when exceeding a specific tempera-
ture? We know this to be the case for flat backgrounds, but does it hold for more gen-
eral (either topologically or geometrically non-trivial) backgrounds? Can we establish
a regime where this thermal scalar dominates the thermodynamical quantities?

e Can we get a handle on what other o’ correction terms need to be added to the
thermal scalar action for a general background?

We will find answers to both of these questions in our study of Rindler space. While this
space is geometrically quite easy, the description of string thermodynamics in terms of the
Rindler observer is not straightforward. Nevertheless we will be able to explicitly solve the
critical behavior of the Rindler string. We will make contact with some previous results
regarding string thermodynamics in Rindler spacetime and we will obtain a prediction of
the Rindler Hagedorn temperature for all types of (conventional) string theories.

3 Rindler thermodynamics

We will be interested in computing the one-loop free energy of strings in the critical regime.
In general one knows that a black hole is surrounded by a thin membrane called the
stretched horizon. This Planck (or string) sized object is outside the reach of quantum
field theory in curved spacetimes. This can be seen by e.g. the UV divergence of one-loop
thermodynamical quantities [30-32] of a gas of particles in the black hole geometry. When
looking further from the horizon, a thermal zone is found that is stretched over roughly one
Schwarzschild radius radially outwards. This is also the region where we can approximate
the black hole background by Rindler spacetime as we now demonstrate [7]. Consider a
D-dimensional Schwarzschild spacetime®

20GM 2G M\ !
dsz——<1— G )dt2—|—<1— G > dr? + dx? . (3.1)

r r

5We take the Schwarzschild black hole as an example to demonstrate our point in what follows, even
though it is not an exact string background. In general, most uncharged black holes have a Rindler near-
horizon limit. Rindler space on the other hand is an exact string background.



If we define a new coordinate p = /8GM (r — 2GM) and focus on the near horizon geom-
etry, we reduce this metric to

2
ds? = — <(4wa> dt? + dp* + dx3.. (3.2)

This is the Rindler metric. The above derivation holds as long as
p < 4GM. (3.3)

Our goal is to analyze the near-horizon behavior of the one-loop free energy in string theory.
Note that to describe thermodynamics, we need to choose a preferred time coordinate. In
this case it is Rindler time (or Schwarzschild time), so we describe thermodynamics as
perceived by fiducial observers in the spacetime. In particular, space ends at the horizon
by a smooth capping of the cigar. In string theory, one does not expect a UV divergence in
the free energy, but we should be careful about IR divergences which can (and will) occur.
Considering Rindler spacetime as a string background, all background fields are turned off

except the metric whose Euclidean section takes the following form

2
p
ds?® = WdTQ + dp? + dx3. (3.4)

To avoid a conical singularity at p = 0, the Euclidean time coordinate needs to have the
identification 7 ~ 7 4+ S where g = 87GM. We will refer to this temperature as the
canonical Rindler temperature. FEuclidean Rindler space is then the same as flat space
in polar coordinates. This temperature coincides with the Hawking temperature of the
original black hole since we did not change the temporal coordinate.

We want to remark that this temperature is a global property of the space. The local
temperature is equal to Sr1ocal = BR \/m. This is the temperature as measured by
local observers. In particular, the canonical Rindler temperature itself is measured by an
observer located at Ggp = 1. In this case this is at p = 4G M.

Since our intention is to study thermodynamics at the canonical Rindler temperature,
we are actually looking at the stringy Unruh effect and hence the vacuum we are considering
is the Minkowski vacuum. As is well-known, the description of this vacuum by a fiducial
observer corresponds to a thermal state at the canonical Rindler temperature.

Calculating thermodynamical properties in such spaces presents some complications.
In field theory, varying 3 results in conical spaces. Although one would at first sight think
that a conical space represents non-equilibrium,® it can be proven that if one only varies
the temperature and hence fixes the transverse horizon area [33, 34], one indeed gets these
conical spaces. So it is consistent for equilibrium phenomena to infinitesimally vary £ as
long as one sets it equal to 8wGM in the end.

5And thus one cannot infinitesimally vary the temperature to nearby equilibrium configurations, as one
is instructed to do in thermodynamical calculations.



In string theory the situation is more problematic: besides the previous complication,
one also has the problem that for 8 # w with N € N, the worldsheet theory is
not conformal and thus inconsistent.” This was in fact the rationale behind the orbifold
approximations to Rindler spacetime thermodynamics by the authors of [20, 21]. We will
come back to this further on. In our case, we leave 8 general, and in spite of the fact that the
starting point of the derivation in section 2 is only valid for one value of 3, we will interpret
our final expression as an off-shell continuation of the conformal result.® Moreover, we have
seen that one can also get the particle path integral from the field theory action and this
action obviously can be off-shell. We will return to this topic further on.

The free energy is a globally defined concept and we do not make any assertions about
the local properties of thermodynamic quantities. As discussed by [23], locality in string
theory is a delicate topic and also even in field theory the thermal properties in black hole
backgrounds are all global properties.” Local arguments can be a good guide in a general
background, but in a cigar-shaped background they are misleading: local reasoning predicts
a divergence simply because the thermal circle keeps on shrinking below the Hagedorn
radius. We will see that this is wrong in general and that the thermal quantities for most
string types are tachyon-free. We want to notice that this dramatic failure of local reasoning
is typical for cigar-shaped backgrounds. For manifolds with topologically stable thermal
circles on the other hand (like Euclidean AdSs), local reasoning is qualitatively good (also
see [36]).

4 Corrections in o’ to the thermal scalar action

One of our main interests lies in getting a handle on possible higher o/ corrections to the
thermal scalar action. We will first discuss this in general using only general covariance as
a guide. Further on we will make the link with the cigar SL(2,R)/U(1) CFT model where
we will precisely pinpoint what these corrections look like.

4.1 General analysis

We remind the reader that the thermal scalar action is given by the effective action for
the first discrete momentum mode in the T-dual background, i.e. n = £1 and w = 0.
Corrections to the thermal scalar action can thus be analyzed by considering the discrete
momentum action of the T-dual background. In this section we analyze the general form of
possible o’ corrections to the thermal scalar action in Rindler space and we discuss whether
we can identify a regime where these, if they are present, are subdominant. Considering
Euclidean Rindler space (3.4), the T-dual Ricci tensor has components

N 2 _ 2
00 __ _ Op __
R ~ -~ e Rpp_——pQ, RY% =0 (4.1)

"Corresponding to the fact that string theory in its standard formulation cannot be taken off-shell.
8 Although such an interpretation is not really necessary for much of what is to follow.
9See [35] for a very recent account on string nonlocality.



and the T-dual Ricci scalar R = —l;%. Note that there is a curvature singularity at p = 0
(for the string metric). The T-dual dilaton field is given by

D, = —~. (4.2)

Some possible terms that could appear in the field theory action are given by

4 2
m*TT* = ——TT*, bosonic or m*TT*=-=TT* typell, (4.3)
(6 (0%
~,u,1/a o T* = ’LU2B2P2 49 TH T = p2 49 TH.T*
G UT VT — WTT + pT pT — ETT + pT pT 5 (44)
. 4
RTT* = - =TT, (4.5)
02
N 252 O/ 2 CV/
RO, TOT = - P e 9% 9 ra 1 = — ST — 2% 9,10, TF (4.6
“ He 212(4GM )2/ p TP o p2 PP (4.6)
and
L 1
0, POHOTT* = - TT*, (4.7)
(2 2
/
o/ 0"$0 99,1, T* = %@T@T*, (4.8)

since Jp = z% = i(4GM) /o’ and |w| = 1. Note that if we do not fix the temperature to
the Hawking temperature, we get 32 corrections to the action but not other powers of 3.
This will be relevant further on. We see that higher order o’ terms are not suppressed due
to two reasons:

1. The T-dual geometry has curvature that blows up at p = 0. Comparing the original
Rindler space with its T-dual, the coordinate singularity of the original black hole
gets transformed into a curvature singularity. If we would be interested in the far
region from the horizon, we could still neglect these terms. So only for p large, will
these terms be subdominant. Some terms of this type are (4.5), (4.7), (4.8) and the
second term of (4.6).

2. Secondly, the temperature is not string scale, but is equal to the Hawking temper-
ature. This provides extra contributions (like the first term in (4.6)) in the action
that are of the same order in o’ as the naive lowest o’ action whose general form was
given in (2.4).

This conclusion holds in general: the o/ corrections are subdominant if the T-dual curvature
radius is (much) larger than the string length and the temperature is string scale. So if the
thermal circle does not deviate much from flat space, its T-dual space will also be quite
well-behaved and the o’ corrections are subdominant. An example is AdS space as we will
discuss elsewhere [37]. The thermal circles for Rindler space and its T-dual partner are
illustrated in figure 1. We conclude that in Euclidean Rindler space, there is no regime in
which we can get control over the o’ corrections to the thermal scalar field theory action



Figure 1. Left figure: size of the thermal circle in Rindler space as a function of radial distance
increasing towards the right. Right figure: size of the thermal circle in the T-dual of Rindler space
as a function of radial distance increasing towards the right.

if these terms are present in the first place, i.e. if their coefficients are non-zero. However,
we can follow a different path and consider exact SL(2,R)/U(1) WZW models that have
a flat space limit corresponding to Euclidean Rindler space. This will be done in the next
subsection.

4.2 Exact WZW analysis

In what follows we will rescale the time coordinate to 7 = % to simplify several expres-
sions and to make the link with C/Zy orbifolds more transparent. We have introduced

the string length scale here as our reference length:
2
ds? = (0/) dr? + dp* + dx3. (4.9)

To avoid a conical singularity, the Euclidean time coordinate needs to have the identification
7 ~ T+ Br where B = 2mV/'.

Let us now consider the SL(2,R)/U(1) cigar CFT. This CFT was first discovered by
Witten in [38] and has received a lot of attention since then (see e.g. [28, 39-44]). To lowest
order in o’ the solution is given by

o'k

ds® = - (dr2 + 4 tanh? (%) d02> , (4.10)

® = —Incosh <g> ) (4.11)

where 6 ~ 0 + 27. Excitations in this background were studied extensively by [28]. The
lowest lying state (tachyon) has the property

(Lo + Lo —2)|T) = 0. (4.12)



For the cigar gauged WZW model, we can write this as a differential equation using the
Laplacian on the group manifold (see [28] for details):

LO — —m - EagL, (413)

LO — —m kagR, (414)

where A denotes the Laplacian on the SL(2,R) manifold. The physical state condition
(Lo — Lo) |IT) =0, (4.15)

implies that tachyons divide in two categories for spaces where the other dimensions do not
allow states with Lg"e" # Lg"": momentum modes and winding modes. We are however
interested in the one-loop free energy in which off-shell stringy states propagate in the loop.
This implies we do not have to impose this physicality condition but instead we can relax
it to Lo — Lo € Z which is required for modular invariance. For simplicity we will consider
only pure winding and pure discrete momentum modes for now, though we will generalize
this further on. The momentum modes have the following Lg:

Lo = =35 |0F + coth(r)d, + 5 (coth (2) - k) %) (4.16)
For winding modes on the other hand, the relevant operator is
1 1 T 2 1
Lo=———— |02 + coth(r)d, + ~ h2<7>—— 21 4.1
0 P _8,, + coth(r)0, + 1 <tan 5 /-c 69_ (4.17)

For more details regarding these constructions, the reader is referred to [28]. The geometry
can then be identified by writing:

/

46 2<I>\F

since the on-shell relation (4.12) should contain the same content as the equations of motion

Ly = D, 2V GG, (4.18)

for this field. This identifies immediately the effective metric and dilaton for the momentum
modes as

ds* = (k= 2) |dr? +

4
. — 4.19
coth? (g) - % ] ’ ( )

o = —% In (Smh coth? (g) ) (4.20)

and to lowest order in 1/k these agree with (4.10) and (4.11). For the winding modes on
the other hand, one finds

/

ds = (k= 2) |dr? +

1 (4.21)
tanh2 (i) — % ]

o=y (50 fam (5) - 7). (422

~10 -



In this case the coordinate is identified as 6 ~ 0+ 2?” Note that this identification is not the
same as the T-dual periodicity. The T-dual coordinate would need to have the periodicity
gTdual ., gTdual 4 % This method of obtaining the background metric and dilaton proved
to be very powerful for gauged WZW models [45]. In [28] it was argued that the metric
and dilaton obtained in this way are exact in o/ and later on substantial evidence for this
appeared [39, 40]. This method also works for other coset models (see e.g. [45]). These
two backgrounds are not related by the normal T-duality as discussed in [28]. What does
this mean? The momentum geometry (4.19) is what non-stringy excitations experience
and this is the exact form: the Laplacian in this background determines the momentum
modes. Performing a naive T-duality on the discrete momentum tachyon action, we obtain
a winding tachyon action whose geometry does not correspond to the above exact dual
geometry (4.21). This means that we can regard the mismatch as higher o/ corrections to
the T-dual tachyon action. When summing all of the o’ corrections, we can rewrite the
winding tachyon action as only a covariant kinetic term in the above exact dual background.
This implies the winding tachyon action indeed gets o/-corrected in this case.

For type II superstrings however, the story is different. The Ly operator for momentum
states is now

1 1
Ly = -z [(’33 + coth(r)o, + 1 coth? (g) 392} . (4.23)
For winding modes on the other hand, the relevant operator is

1

Lo=—

2 1 2 (T 42
[8T+Coth(r)87n+  tanh (2)55]. (4.24)

The overall normalization changed, but also the (innocent-looking) % term in the 0 deriva-
tives disappeared. This is crucial since it is this last term that disrupted the interpretation
of the dual background as just the T-dualized version. In this case the momentum modes
perceive the metric and dilaton background as

/
2_ ok
ds® = 1

4
24— _dp? , 4.25
e coth? (%) ( )

®=—In (cosh (g)) : (4.26)

and for the winding modes one finds

4

dr® + h4dé2] , (4.27)
®=—In (sinh (%)) . (4.28)

The coordinate periodicity is again 6 ~ 0427 and 6~ 0 +2% and now T-duality is manifest.
This implies the winding tachyon action is obtained by simply T-dualizing the momentum
tachyon action and this contains only the covariant kinetic term. The mass term finally is

- 11 -



inserted because the on-shell conditions read!?

(Lo —1)|T) =0, bosonic, (4.29)
(Lo—1/2)|T) =0, type IL (4.30)

We conclude that for the type II string on the cigar, the naive lowest order o effective
tachyon action is exact. The dual metric (4.27) and dilaton (4.28) are in this case equal to
the T-dual metric and dilaton of (4.25) and (4.26) of the exact o/ geometry. We interpret
the dual metric and dilaton as a way to succinctly write down the winding tachyon action.
Expanding this dual background around the T-dual background allows us to identify the
o corrections to the winding tachyon action. Since in this case, the dual and T-dual
backgrounds are equal, no o’ corrections are present.

So far, everything we discussed concerns the cigar CFT. Let us now consider the limit
k — oo to get to Euclidean Rindler space as discussed in [25]. For type II superstrings,
the authors of [25] show that in this case the lowest order o’ action is obtained by using
this limit on the winding tachyon action in the cigar background. Since we saw above that
this action should not get any corrections in «’, the Rindler space winding tachyon action
should also not get any corrections, at least if K — oo is a good description of Rindler
space. We conclude that the type II superstring lowest order effective winding tachyon
action on Rindler space is exact.

Let us analyze bosonic strings more closely. As a first step, we rescale the dual angular
coordinate 6 as Onew = %éold- The reason for doing this is that we now have a natural
relation between 6 and 6 in terms of T-dual variables. Next we rescale the coordinates
as p = 7”(1/(;:_2)7", T = /& (k—2)0 and 7 = /o/(k —2)0 in the exact bosonic cigar

background and its dual. This gives

d 2
ds* = dp* + ’ , momentum metric, (4.31)
2 p _2
coth < a’(k—2)> 3
k—2\? d7?
ds* = dp* + i , winding metric. (4.32)
g tanh? [ ——2— | — 2
o (k—2) k

where we now require 7 ~ 7 +2m+/c/(k — 2) and 7 ~ 7+ 271/ 1%5. Note that indeed T and

7 have the correct T-dual periodicities. Let us call \/o/(k — 2) = L. The winding tachyon
action in the dual geometry is given by (corresponding to (4.12))

e L . 2 2 2 ~00 ﬁ2 * 4 *
; dp§ sinh 174 10,T|" + w*G 47r20/2TT - JTT (4.33)
oo L . 2 2 2 /62 kz 2 (P 2 * 4 *
—/0 dpy sinh (Lf’) [W T R (=2 (“mh (7)- k) I = o/TT]
(4.34)

10T his only holds for h = h states.
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and this action is exact in o/ when considering 3 equal to the inverse Hawking temperature
on the cigar.

We follow the prescription of [25] and let k& — oo in this action keeping p fixed. We
obtain

T [0, TR+t B e 9y e Ay 43
SV — s Y S v - ol 35
/0 e [| pTI" +w A2 (k — 2) Y amak o ] (4:35)
To further ease the identification with the string-normalized Rindler space discussed above
in (4.9), we extract a vk — 2 factor from f such that the canonical temperature becomes
B = 27V« instead of B = 2my\/a/(k —2). After doing this, we obtain for the w = =+1

thermal scalar in the £ — oo limit:

400 9 /82 P2 52 4
d a,T T —2 TT* — —=TT"|. 4.36

/0 e [| pTI"+ 4m2a/3 4202 o } (4.36)
Note that the metric component Gy in equation (4.32) has a component oc 1/k which
would at first sight vanish when taking the £ — oo limit. This would leave the large k
action unaltered w.r.t. the lowest order (in o/) thermal scalar action. However, 32 is also
proportional to k for large k. Hence these factors cancel and leave a finite contribution in
the limit. Plugging in the canonical Rindler temperature finally yields:

oo 2 102 * 2 * 4 *
A @4@H+MJT—MWW1HT. (4.37)

We conclude that the only effect of all other higher order o/ corrections is a mass shift.
Such terms were indeed expected to correct the field theory action as we discussed in the
previous subsection.

To summarize, for Euclidean Rindler space the bosonic string thermal scalar action
receives o corrections as determined above, whereas the type II superstring thermal scalar
action does not get o/-corrected.

5 Critical behavior in Rindler space

Using the above field theory actions for the thermal scalar, we can analyze the critical
behavior of the one-loop free energy using (2.5). We can then use (2.6) to rewrite this
expression as a random walk in the purely spatial submanifold. Note that we do not yet
know what ‘critical’ means for Rindler space, since we have not yet determined the Hage-
dorn temperature. This will also be done using the thermal scalar action. In this section
we discuss the thermal scalar approximation to the free energy for type II, heterotic and
bosonic strings, where we keep the bosonic strings for last since these present (surprisingly!)
the most subtleties.

5.1 Type II Superstrings in Rindler space

We first consider type II superstrings since these do not present complications in the
spectrum and these are also more realistic than bosonic strings. The one-loop free energy
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of the thermal scalar field is given by

—Tre Voo

BF /+OO dT -7 (_V2+m120cal_Gij aj “00 81)
0

(5.1)

For Rindler spacetime with a general 3 (flat conical spaces), the operator in the exponential
is given by
1 9 2 2
P o Amca

We now search for the eigenfunctions and eigenvalues of this operator. Enforcing regularity

(5.2)

at the origin and at infinity gives a discrete set of eigenfunctions and eigenvalues given by

wn(p)fxeXp<— i >Ln< Br* ) (5.3)

471'0/3/2 271‘0/3/2

B —2mvVa! + 26n

A, =
n To!3/? ’

(5.4)

where L,, is the Laguerre polynomial and n is a positive (or zero) integer. The n = 0 term
has the lowest eigenvalue. Setting 8 = 27V o/ and n = 0 gives

2
1o X exp (—on/> , A =0. (5.5)
The large T' contribution is then given by
—1( =2 m2, —Gis Y20 31‘) —2mva!
Tre ( Mical Ve )y eNT — exp —6,73(/\2/0771 . (5.6)
T

Let us reinterpret this one-loop free energy as a random walk in the spatial submanifold
as we did in going from equation (2.5) to (2.6). Applying formula (2.6) gives

_[tedr _5-5.,
BF = /0 T/Sl [Dz] \/Ggpe (5.7)

where

S /T dt {/P LB TR ey (5.8)
dra J, of P>

and G, and Sy, denote the metric and action of the other spectator dimensions needed to

get a valid string background. We are not interested in these at the moment.

Our original goal was to get information on the corrections to the worldsheet dimen-
sional reduction approach as discussed in [1]. Let us look at the particle action (5.8) more
closely. The first two terms are the only ones that are found in the Fourier expansion in
the string path integral as discussed in [1]. The third term was denoted K (z) in section 2
and it is caused by removing the /Ggo from the measure of the field theory action as we
discussed above. The fourth term is the Hagedorn correction that can be found by looking
at flat space models. The free energy corresponding to the above action (5.8) has a random
walk interpretation with a modified potential.
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The result is a particle path integral on a half-line in a harmonic oscillator and in a
1/p? potential. From equation (5.6) we can distill the Hagedorn temperature. To do this,
of course, we need to know what the other spectator dimensions are. These can obviously
influence the Hagedorn temperature. Let us choose 24 flat dimensions such that the total
one-loop free energy of the thermal scalar becomes

togr /1 \ P B 2
F=— &= A . :
b Vr /0 T (47TT> eXp( T2 ) (5.9)

Crucially, the traced heat kernel of flat dimensions do not yield corrections to the expo-
nential. Convergence in the large T' limit then determines the critical temperature as:

B >2mVal. (5.10)

We clearly find Bepitical = Sr so the canonical Rindler temperature (needed to avoid the
conical singularity and defined in equation (4.9)) is precisely equal to the critical temper-
ature above which the free energy would diverge in the IR. We will comment on the link
to the physical black hole normalized coordinates (3.4) further on. This marginal conver-
gence is associated with a state in the string spectrum that becomes massless precisely
when 8 = 2mv/a’ and this stringy state was found by the authors of [25, 26, 42].

For any 3, the wavefunction of the lowest state (n = 0) is given by

2
o X exp <—6'0> . (5.11)

471'0/3/2

We identify the lowest eigenfunction of the associated particle heat kernel with the wave-
function of the thermal scalar stringy state. So qualitatively the type II thermal scalar in
Rindler space is a massless state located close to the origin in Euclidean Rindler space.
As a sidenote, we remark that expression (5.9) is also UV divergent, although this is a
remnant of considering solely the thermal scalar field theory and not the full string the-
ory. Ultimately we should not take 0 as the lower boundary of the T-integral since we
assumed T large. This is actually the same story as in flat space: the difference between
the fundamental modular domain and the strip is the reason for the divergence.

Note also that even though the original string path integral was only well-defined for
B = %T\/E (for N # 1 these models are flat space C/Zy orbifolds that have been used in
the past to predict string thermodynamics [20, 21] and we will discuss these further on),
the resulting particle path integral and the final result have been calculated for a general
B. Thus this provides a natural continuation of the string results to a general 5. The
continuation is in terms of the field theory of the states constituting the string theory, and
this road to off-shell descriptions of string theory has indeed been the most fruitful one (see
e.g. [46] and references therein). In particular, this allows us to differentiate with respect
to B to obtain the thermodynamic entropy.

The authors of [2] give a formula for the average size of the long string. They showed
that it is given by the width of the ground state wavefunction of the associated particle
heat kernel. Applying such a reasoning to the ground state wavefunction given in (5.11),
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we find as a measure for the width of the n = 0 mode that

13/2

o\ 27«
<,0>— /3

Note that this assumes that values of 8 # 27V’ are meaningful as we have discussed

(5.12)

above.

To sum up, the wavefunction of the thermal scalar is identified with the lowest eigen-
function of the particle heat kernel and this determines the region where the random walk
is situated. Thus the picture we arrive at is that the thermal scalar is represented by a
random walk close to the Rindler origin. This interpretation is the same as in flat space-
time, the difference is that in Rindler space the walk is localized close to the origin. Since
the Rindler origin is actually the black hole horizon, we conclude that the thermal scalar
is localized to a string length surrounding a black hole. For clarity about the transition
from this string-normalized Rindler spacetime (4.9) to the black hole-normalized Rindler
spacetime (3.4), we refer to appendix A where we translate the results from this section to
the black hole case.

5.2 Heterotic strings in Rindler space

We can also solve the previous model for the heterotic string in Rindler spacetime. In this
case, we do not at first sight have a WZW cigar model to guide us, so we will compute the
critical behavior assuming no o’ corrections to the thermal scalar action, just like for the
type II case. We will provide arguments in favor of this further on. The operator O to be
considered for the heterotic string is given by

1 1 3 (2 p? a'm?
(=P -0, - =+ 5.13
2( PP a’+47r20/3+ﬁ2p2 ’ ( )
with eigenfunctions and eigenvalues given by
xval Bp’ Bp’ B —2mval +26n
Yn(p) < p F exp (_47Ta’3/2> L@ (2710/3/2 , A= Y , (5.14)

where in this case the generalized Laguerre polynomial is used with order a = “T\/J The
lowest eigenfunction is given by

7 2
g o pmg; exp < ﬂp) . (5.15)

C Ara3/2

The ground state has again zero eigenvalue for the canonical Rindler temperature so, like
in the type II case, the convergence criterion is given by:!!

B >2mVal. (5.16)

In particular we have again that the canonical Rindler temperature equals the Rindler
Hagedorn temperature. At this temperature, the zero-mode has the wavefunction

Y 2 ——2 A =0 (5.17)
2 = 0. .
0 X p2 exp 2%/ y 0

1When we include some extra flat dimensions.
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For the heterotic string, the n = 0 width formula changes to

9 _271'0/3/2 o'
(p*) = 3 <1+ 5 ) (5.18)

In particular, for the canonical Rindler temperature, we get a size equal to \/g va! which

is a factor of \/g larger than the case considered above.
The random walk behavior has the form:

oo dT
pr=— [ [ e et (5.19)
0 St
where 2 2 4,13 212
1 B A% wod/ 9
= dt — —12 . 5.20
Tt [p + + 52,7 e imte (5.20)

Finally note that we have lost the heterotic thermal duality [47] in this case. The duality
symmetry is compromised as soon as one considers a non-trivial background.

5.3 Bosonic strings in Rindler space

In this section we discuss the same story for bosonic strings. This case is more complex
due to the o/ corrections and also due to unitarity constraints that we will discuss further
on in section 7.

If we include the o' corrections, we need to consider the operator
62 4 62 p2

4202 of | An2a3’ (5.21)

1
8- 29 —
G
where also the substitution % — % was made in comparison to the type II superstring.
The eigenfunctions remain the same as in the type II case but the eigenvalues shift to

ﬁ Aol —

7ra’3/2

2
v * o (5.22)

n

The n = 0 term has the lowest eigenvalue. This state has the same wavefunction and
hence also the same width as the type II case discussed above. A further subtlety is
whether these quantum numbers are really in the string spectrum. We will discuss this
further in section 7, where we will conclude that actually the bosonic spectrum only starts
at n = 1. In this section we will ignore this complication because other thermodynamic
quantities (like the entropy) do appear to rely on the n = 0 mode. Setting § = 2mva!
gives a negative n = 0 eigenvalue. The (naive) critical behavior is given by

Vv Goo
—V24m?2  —GY %ivGoo 0; B —4rva
local /G —XoT __
— € =exp | —
Tal3/2

Tre R T|. (523

The random walk interpretation can again be found by applying formula (2.6) and including
the o correction term in this case gives

—+00
- / ar / (D] \/Ggpe™ 55w (5.24)
o T Js
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where
52 2 7r2 o2

2
with G, and Ss, the metric and action of the spectator dimensions.

— 167%a’ — 2532 (5.25)

Inad o dt [p +

For bosonic strings in Rindler space, we have a nice demonstration of all different
types of corrections to the naive particle action (2.2). All terms have the same origin as in
the type II case, except the final term. This term combines all o corrections to the field
theory action for this particular background. We saw previously that in general such terms
were to be expected in Rindler space and the cigar CF'T approach indeed produces such
a correction term. We believe that now all corrections are determined. The free energy
corresponding to the above action (5.25) has a random walk interpretation with a modified
potential and with a temperature-dependent mass.

As a further check on these results and in particular the manipulations done to get
from (2.5) to (2.6), we explicitly solve the particle path integral directly and get the same
results as above. We present these results in appendix B, where we also discuss the modi-
fications needed to treat superstrings and heterotic strings.

Again choosing 24 flat dimensions, the total one-loop free energy of the thermal scalar
becomes

400 12 2
ﬂF:—VT/O 4 (1) exp (— b T+ 4T+ g /2T>. (5.26)

T \ 47T ral3/? 220

The last term in the exponential factor is the result of the o’ corrections and its influence is
substantial. If we ignored the o/ corrections, we would determine the convergence criterion
to be

B> 4Vl (5.27)

If we include this final term however, we would find a divergence in thermodynamical
quantities for any value of f:'2 the Hagedorn temperature is effectively zero (there is
always a negative eigenvalue).

If we would (naively) consider arbitrary winding modes, it is readily checked that not
only the w = £1 mode, but also all higher winding modes are tachyonic at the canoni-
cal Rindler temperature. This behavior is a drastic departure from the lowest o’ action
discussed above (i.e. ignoring the last term in the exponential in (5.26)) where w = £2 is
massless and all higher winding modes would be massive. This discussion is a bit mute
since we will see that all higher winding modes are actually not in the Euclidean Rindler
spectrum in the first place, but it is an illustration of the importance of the o/ corrections
in a cigar-shaped background (or its flat Euclidean Rindler limit considered here).

To conclude the bosonic thermal scalar in Rindler space, the lowest n = 0 state is
tachyonic and is situated at a string length from the origin of Rindler space. However, we
will see in section 7 that the string spectrum only starts at n = 1 in this case. We will
postpone any further discussion on this until then.

12Note that, as we previously discussed, we should think of this divergence as occuring in the entropy
and not in the free energy itself since this quantity only starts with the n = 1 mode as we will discuss
further on.
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5.4 Hagedorn behavior of the Rindler string

Above we established the critical temperatures for the string gas in Rindler space. We
found that for type II and heterotic strings, the free energy is ‘marginally’ convergent. In
this section we want to elaborate on whether the free energy converges or diverges at this
critical temperature. So we zoom in on the behavior of the free energy at the Hagedorn
temperature. The crucial aspect is whether the spectator dimensions are compact or non-
compact. Let us first take the other dimensions (tangential to the horizon) as compact
dimensions. We have to do this to circumvent the Jeans instability. The effect of compact
dimensions on the Hagedorn behavior is illustrated in appendix C. For type II superstrings
and for heterotic strings we obtain the following free energy expression

VT +oo dl

F=_'T ,
B Jo T

(5.28)
which is analogous to (5.26) by replacing the non-compact dimensions by compact ones
and adjusting for the superstring or heterotic string. We clearly see a logarithmic diver-
gence for T — oo in this case. The free energy at the Hagedorn temperature (which is
the same as the canonical Rindler temperature) diverges in the IR and this divergence is
caused by the massless states. Other non-winding massless states also cause this same
kind of divergence, but they are independent of the temperature and their contribution is
dropped (and these do not influence the entropy). We find that the thermal scalar yields
the divergent temperature-dependent contribution to thermodynamic quantities in Rindler
space and it should take over the entire thermodynamics. One can compare this type of
divergence with the microcanonical picture in flat space where one can never reach the
Hagedorn temperature and the free energy diverges at this temperature. This does not
cause a condensation process, but represents here our inability to reach this temperature.
The difference with this case and the Rindler case, is that here the temperature should
remain fixed at the canonical Rindler temperature and this equals the Hagedorn temper-
ature. So in some sence, the Rindler string is held fixed at this unobtainable temperature
of strings-in-a-box. If we only take the contribution from the thermal scalar, we find a
random walk behavior as was predicted by Susskind.

Since F/Vp becomes infinite, the string density becomes arbitrarily high. It is in
this way that the higher order string interactions should come in and cure this behavior.
In [7] it was argued that interactions would cause a repulsion in such a way that the density
becomes constant when nearing the horizon. Higher genus near-Hagedorn thermodynamics
has not been studied much in the past.'?

If we would take at least one non-compact dimension, the free energy density becomes
finite at the Hagedorn temperature. The thermal scalar no longer dominates the free
energy. However, if we differentiate with respect to 3, we bring powers of the Schwinger
parameter T" down that deteriorate the convergence properties in the IR limit T — oco. In
other words, the non-analyticity of the free energy gets its dominant contribution from the

3However see [48] where the Hagedorn behavior is studied using factorizations of higher genus Riemann
surfaces and dual holographic matrix models.
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thermal scalar and the number of compact dimensions determines how many times one
has to differentiate to obtain a divergence. This situation is exactly as in flat space. The
behavior of the free energy near the Hagedorn temperature when including D non-compact
dimensions is given by

(5.29)

F (6 - ﬁcritical)D/2 In (5 - ﬁCI‘itiCal) s D even,
(5 - Bcritical)D/2 y D odd.

We will now compute the asymptotic density of single string states and provide an
interpretation of the long string and the stretched horizon. For type II superstrings and
heterotic strings, the single string partition function is dominated by the zero-mode as

given by (5.9):
oo g /1 \ P/ 3 2
7 = el (N - T4+ 2T .
VT/O T <47TT) exp < — + o ) ; (5.30)

where Vi denotes the volume of the transverse dimensions, i.e. the area of the black hole

horizon. We have chosen D non-compact spectator dimensions in this discussion. The
temperature 8 in Rindler space is defined as the local temperature at p = 4GM and given
in string units corresponding with the definition of the Rindler metric as in (4.9). In
physical units where the metric is given by (3.4), this becomes

too g /1 \ P2 3 2

Defining the energy at p = 4GM by
T

E= e (5:32)
we find:
o 4R 1 b7z
7 = VT/O ESE (167r20/GM> exp (—BE + 8tGME). (5.33)

The single string density of states is given by an inverse Laplace transform of this (single
string) partition function as

—+00
7 = / dEp(E)e PE, (5.34)
0

which at high energies using (5.33) yields

(5.35)

1 D/2 eﬁRE
QWﬂRa/> E1+D/2

p(E) ~ Vi (

with B = 87GM the inverse Rindler temperature. The asymptotic density of states
clearly displays Hagedorn behavior with critical temperature exactly equal to the Rindler
temperature. Note also that the density of states is proportional to the transverse area
(the horizon area). Let us now give an interpretation of the stretched horizon using these
results. We can define the location of the long string (or the stretched horizon) as the
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distance from the horizon where the blueshifted canonical Rindler temperature becomes
equal to the flat space Hagedorn temperature. Using the flat space Hagedorn expressions

B fat = 2V2mVa!,  Type II, (5.36)

B flat = (2 + \@)7?\/&, Heterotic, (5.37)
and

Brv Goolpsn) = Br 4'05?\/[ = BH flat, (5.38)
where the subscript sh denotes stretched horizon quantities, we can localize the stretched
horizon at

psh = V2a/, Type II, (5.39)

1
Psh = (1 + \/§> Va/,  Heterotic. (5.40)

The physical picture which arises from this, is that the thermodynamics of a gas of strings
in a Rindler background is dominated by a single long string living at ps, o vVa/ at the
flat space Hagedorn temperature.'® The density of single string states as measured by a
Rindler observer at the stretched horizon is then given by

1 D/2 /BR D/2 eﬁH,ﬂatEsh
Ep)~Vp|— : 5.41
p(Esn) ~ Vr <27r6R0/> (6H,ﬂat> B0 (5.41)

where we used the redshift SrE = By fatEsn and p(E)dE = p(Esp)dEp,. For a black hole,
the asymptotic (single string) density of states is the same and the Rindler temperature
equals the Hawking temperature in this case, as we have discussed already before. This be-
havior can be interpreted as Hagedorn critical behavior which is redshifted to the Hawking
temperature for the observer at infinity.

6 Comparison to flat C/Zy orbifold CFTs

In this section we will provide additional evidence for the recent claim by [25] we dis-
cussed above that the o/ corrections to the thermal scalar action can be deduced from
the action on the SL(2,R)/U(1) cigar. We will do this by comparing the resulting critical
one-loop free energy with the one coming from flat space orbifolds [20, 21]. The orbifolds
we have in mind are obtained by creating a conical space from a two-dimensional plane:
the C/Zy orbifolds. We refer the reader to [20, 21| for a treatment of the spectrum and
the partition function. These have been used as an approach to thermodynamics of the
Rindler observer. Above we argued that we should be able to vary 8 continuously to study

2Vl
N
obtained by orbifolding flat space. The spirit of [20, 21] is to take these discrete values of 3

thermodynamics. For string theory, only § = correspond to CFTs, namely those

and afterwards analytically continue the resulting expression to a general 5. Although the

14 Again we should take into account the compactness of the other dimensions to determine whether one
string dominates or multiple-string configurations dominate [3].

- 21 —



1/k

1 W
3 2 1 N

Figure 2. 1/k versus orbifold number N. The horizonal red arrow represents the C/Zy continua-
tion to N = 1. The vertical green line represents the approach taken by the authors of [25], where
one takes k — oo in the cigar CFT. The vertical gray lines represent the strategy we are following
in this section.

continuation and interpretation of these results to Rindler space (N — 1) is not entirely
airtight, for § = %T‘/E the orbifold construction is well-founded in string theory and so it
is an important check if we reproduce this with the cigar & — oo approach. We will find
perfect agreement. To clarify our intents, we sketch the strategy in figure 2. Taking k — oo
in the SL(2,R)/U(1) model as in [25], we obtain a field theory action that supposedly is
the Rindler thermal scalar action. We do not have a verification for this result since the
C/Zy continuation does not give a prediction for the thermal scalar action for N = 1.15
For N > 1, the C/Zx construction does give a prediction for the thermal scalar action and
we will find a precise match with this result.

Consider the bosonic string partition function on the C/Zy orbifold [20, 21]:

N-1
VT dTld’TQ 1
Z =— VA 6.1
N Jr 2m |77(7')|44 (4m2a/mo)12 m%;O m,n ®.1)
where )
.
T = # (6.2)
= 4 m
ARSI
2t N
for (m,n) # (0,0) and Zyo = %. The quantity Vp denotes the volume of the other

2|n(7)
dimensions which have been chosen flat. The m = n = 0 sector has Z o 8 and so gives a

temperature-independent contribution to the free energy and this is dropped from now on.
We study the 7 — oo limit in this case.' The theta function with characteristics has the
asymptotic behavior

m 2 m
0 (7)| = e ™3+ &) 2R, (6.3)

1
st W
b

158imply setting N = 1 in the C/Zy partition function of [20, 21] yields the partition function of an
infinite 2d plane. This does not reflect the thermal scalar winding the Euclidean origin and is useless when
we are interested in for instance the thermal entropy. This is also the reason Rindler thermodynamics is
more complicated than simply stating that Rindler space is flat space.

161t is easier to take this limit in the fundamental modular domain.
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So we get!”
N-1

0 dry 1 277y (Q—E-M"—Q)
Z =V _ N N2/, 6.4
T/ 275 (420l )12 mZ::Oe (6.4)

The 71 integral gives a multiplicative factor of 1. The m = 1 and m = N — 1 sectors
dominate so the critical behavior is given by

oo dry 1 277) (2—i+i)
Z =V —_—— NTN2J, 6.5
T/ To (47?20/72)126 (6.5)

The critical behavior of the free energy becomes

_VTN +oo dTQ 1 2m—2<2_%+L)

F=——— B NZ ),
o7 Ty (4m2a/ )12

(6.6)

Looking back at the bosonic thermal scalar action (4.36), we fill in the orbifold temperatures
(B = %T\/?) and obtain!®

+oo 2 2 102 * 2 1U2 * 4 *
The partition function becomes
togr 1\ _ o oagp 2
z=vi| T (w) e N e Tewia . (6.9)

Performing the substitution T'= wa/7, we obtain

—+o0 12
_VrN dTQ( 1 ) 627r72(2—%+i)

F= Y
27 Jo Ty \4Am2a/ T

which precisely coincides with (6.6).

Next we discuss type II and heterotic superstrings. We will suffice by comparing the
criterion for divergence of the partition function, although an elaborate treatment like for
the bosonic string discussed above is possible. It is shown in [21] that oddly twisted sectors
(with twist w) have tachyons with masses M? = % (% —1). Since with our notation
wf = %27(’\/& , we find that the convergence criterion for the free energy that we found
earlier in (5.10) and (5.16) can be rewritten as

0<B—2mva =21V ( > = w32 M2 (6.10)

! 1
N

So we find that for N € N, the convergence criterion is equivalent to whether the most
tachyonic twisted state has M? > 0 or M2 < 0. The analytic continuation discussed in [20]
concerning N gets translated to an analytic continuation in 8. The arguments in favor of

"To be precise, the m = 0 sector has a different prefactor since we dropped the m = n = 0 sector. We
do not care about this, since we will drop the m = 0 sector anyway in what follows.

'8 This state actually coincides with the most divergent state in the SL(2,RR)/U(1) conical orbifolds as it
should.
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this continuation in [20] are equivalent in our case to arguments of taking 8 away from the
orbifold values. In our language of field theory, the continuation in 8 is quite natural.

We believe this is an important consistency check. To recapitulate, using the cigar
WZW model and taking ¥ — oo we find the precise o’ corrected action for the different
types of strings. For the discrete orbifold temperatures however, we already know what the
result should be [20, 21]. Since we are able to reproduce precisely the limiting free energy
in the orbifold CFTs, we believe that indeed as argued above and in [25], the Rindler space
thermal scalar action (including all its o/ corrections) can be obtained by taking k — oo
in the cigar CFT. The result is that type II superstrings do not receive o’ corrections in
their thermal scalar action, while bosonic strings do receive corrections. Without these, the
orbifold result would not have been reproduced (the 1/N? term in the exponent in (6.9)
would be missed).

Note also that we have gone full circle now: the 7 — oo limit should correspond
to a state in the CFT that gives the dominant thermal behavior. From the field theory
perspective we considered the thermal scalar action (with possible o’ corrections) to give
us this dominant contribution. But the link with the exact conformal description is lost.
In this case we clearly see that these two descriptions match.

For heterotic strings, we also find precisely the same convergence criterion (6.10) as in
the C/Zy orbifold models. Since the heterotic string thermal scalar action also includes a
discrete momentum contribution, we again find it non-trivial to find a perfect match to the
C/Zn orbifold. We believe that the heterotic thermal scalar action should also not receive
o/ corrections (like the type II superstring), though we lack a proof at the moment. The
main complication is the subtleties with heterotic WZW models as discussed e.g. in [49]
and [50].

We note that, to treat N # 1, it suffices to simply take the correct value of 8 = %“\/a ;
no extra (conical) corrections are present. If there would be conical corrections, we expect
these to exist for these special cones as well. As discussed in section 4.1, the only place
where [ enters the field theory action is in the Jdy derivatives and indeed we find here a
(% contribution, which was the only type of 3-dependent correction term we anticipated
there. We believe this supports our expectation that we can safely take 8 away from the
CFT-values QW’T o 19

9Tet us elaborate on this point of view. Consider the field theory as discussed in general in section 4.1.
Changing (8 only affects the periodicity of one of the coordinates. For the T-dual background, the origin
p = 0 is not a fixpoint of the U(1) rotation 7 — 7 + C with C' a real constant. So the T-dual geometry
should not become ‘extra’ singular just from the periodic identification, meaning that at p = 0 we expect
only the curvature singularity and this is not sensitive to the periodicity parameter 8. More concretely,
these arguments show that the only type of correction we can have in the thermal scalar action is

AS = [(0)0,TO,T" + g(p)B*TT" + h(p)TT", (6.11)

with three unknown functions f, g and h that do not depend on . Since we know the result at 5 = QW’T\/J,
we have f = h =0 and g is the p-independent correction we found above. This holds now for all values of
B. In particular the ' corrections do not generate S-dependence, except the 52 already discussed above.
The apparent subtlety in these results is whether the thermal scalar action really can be determined only
by the T-dual quantities, also off-shell. This seems to be the case and T-duality invariance is one of the
biggest ideas used to construct off-shell descriptions of string theory (the so-called double field theory, see

— 24 —



We want to remark that there is a discrepancy in the wavefunctions: the orbifold
twisted sector wavefunctions are localized at the tip of the cone, while in our case we find a
string-scale spread around the tip when taking the 3 continuation seriously.?’ Nevertheless,
we find it intriguing that we precisely reproduce the critical behavior of the partition
function and we find a further explanation for the apparantly non-standard bosonic duality
found in [28].

7 Unitarity constraints in Euclidean Rindler space

In this section we make the link between the SL(2,R)/U(1) cigar and Euclidean Rindler
space more precise in terms of conformal field theory language. In particular we want to
analyze the ‘induced’ unitarity constraints in Euclidean Rindler space. The cigar CFT
states are characterized by several quantum numbers. The winding w around the cigar
and discrete momentum n are collected in two linear combinations

n + kw —n + kw

The quantum number j is a measure for the radial momentum and is given as

1
Jj= —3 +1is, s &R, continuous representations, (7.2)
j=M-—1, 1=1,2,..., discrete representations, (7.3)

where M = min(m,m) with m,m > 1/2 [52].2! We are interested in the discrete states on
the cigar, so we consider the discrete representations. In this section we are interested in
pure winding states, so m = m = M. For the discrete representations j has the following

e.g. [51] and references therein).
20 Actually this might not be a real problem after all. Firstly, we notice that the link between these two
wavefunctions is found by simply extracting the p-dependent part of the wavefunction. For instance for the

bosonic (or type II) w = + wavefunction 1, and the twisted state wavefunction F,, we would have (up to
normalization):
2 2
Gn(T,p, %) = Fol(r,x)e 5 L, (;—N> . (6.12)

After this, we consider the resulting differential equation for F,(7,x), which has manifestly the same
eigenvalue spectrum, as it should.

Secondly, our interest lies in the spread of the long string. This is written as a first-quantized path integral
on the spatial submanifold. From this perspective, one could integrate out the p-field (schematically) as

[ 1071 Px A0 = [ (Dr] pxg S (6.13)

to obtain the twisted sector wavefunction point of view, though this is not what we want to do to distill
the random walk picture.

*'There is also the option M = min(|m|, |m|) with m,m < —1/2 [52], but we will not focus on this case
since it will disappear when taking the flat £ — oo limit for the cases w > 0. This sector is though relevant
for the w = —1 state and we will comment on this further on. Note that only states with |kw| > |n| are in
the spectrum, these are the so-called winding dominated states [52].
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unitarity constraints:

k—
—5 < Jj< 5 bosonic, (7.4)
1 _
LI P 11
5 <j< 5 type (7.5)

2 . 1 _ _2 R

h_Tr]:;](]ij)’ h:% ](Ijj_2)’ bosonic, (7.6)
2 1 _ = 2 :

h_n;_j(j; )’ h:% ](]]:_ ), type II. (7.7)

7.1 Quantum numbers in Euclidean Rindler space

Let us first analyze how these quantum numbers are reflected in the Rindler case. We
treat the type II superstring in this section.?? The eigenvalue equation we consider for
B =27/ is given by?3

0, | sinh 2/kp) 0,T(p)
_F ( Sin<h ( 2/2/))9 ) + <—1 + uﬂg tanh? <p/\/ﬁ)> T(p) = T (p). (7.8)

The solution that does not blow up as p — oo is given by

1 w+1l+kw Vw+1—kw 1
T(p) o s 2 Ve 5 ,f 5 ;\@Jrl;ﬁ
cosh (\/%) cosh (ﬁ)

(7.9)
where w = 1 — 2k — 2k + k%w?. All normalizable states should behave near p — oo as

b ocexp (V27K (G +1)p), (7.10)

since the background approaches a linear dilaton background there. For a discrete pure
winding state we have j = ]%“’ —lwherel =1,2,3.... Since 2F;(a, b; ¢;0) = 1, the prefactor
determines the entire asymptotic behavior. Identifying the asymptotic behavior of (7.9)
with the required asymptotics of (7.10) gives

Vw=kw—2l+1, (7.11)

leading to

20(1 — 1
ML) | o —w—1. (7.12)

For k — oo the first term drops out and we are left with

ArR2wl—w—1, 1=1,2... (7.13)

22The bosonic string case is analogous and we present the relevant formulas in appendix E.
23We set o' = 2 in this section to conform to the conventions of [25].
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Setting n =1 — 1, we obtain
A=2un+w—-1, n=0,1,... (7.14)

which coincides with the discrete spectrum (5.4) in Euclidean Rindler space. The condition
to get the discrete states also implies that the second argument of the hypergeometric
function becomes a negative (or zero) integer. This causes the hypergeometric function to
become a polynomial and this is well-behaved also for p — 0.

Note that there are only a finite number of discrete states since [ is bounded from
above by the requirement that the r.h.s. of (7.11) should be positive. As k increases, more
values of [ are allowed and in the limit k — oo, | becomes effectively unbounded.

The continuous states can be found for w < 0. This corresponds to a critical eigenvalue

B kw? 1

N= b L (7.15)

where A > A* corresponds to the continuous spectrum. Taking k& — oo gives \* — +oo
and the continuous states disappear.

It is instructive to see the above identification of n and [ — 1 explicitly for the eigen-
functions. First consider the w = 1, [ = 1 eigenfunction as given by [25]:

1

(7.16)

Taking p — oo immediately gives
T(p) x exp (—/k/2p) (7.17)
as it should be. Alternatively taking k — oo gives
T(p) x exp (—p2/4) . (7.18)

This identifies the [ = 1 wavefunction with the n = 0 Rindler eigenfunction.
As another example, consider the w = 1, [ = 2 bound state eigenfunction:

(k—1) — (k — 2) cosh (ﬁf

frr cosh (ﬁ)k

(7.19)

The p — oo limit gives
T(p) o exp (~v/2/k (k/2 = 1) p) (7.20)

while taking k — oo yields

T(p) o L1 (p*/2) exp (—p*/4) (7.21)

which is precisely the n = 1 eigenfunction in Rindler space.

We want to remark that the w = —1 state can be found on the cigar with the quantum
numbers j = M — [ where this time M = —%‘ as we discussed in footnote 21 earlier. This
yields 7 = % — [ and the asymptotic behavior is the same as that of the w = 1 state. The

Euclidean Rindler wavefunction is also the same as that of the w = 1 state.
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7.2 Cigar spectrum in the k£ — oo limit

In this section, we take the large k limit explicitly in the cigar spectrum. Our goal is to see
the Rindler states explicitly appear and to further elaborate on the effect of the unitarity
bounds. For bosonic strings, we consider the cigar spectrum with some flat spectator
dimensions to identify the tachyonic character of a state in the large k£ limit. We have

o M* m* (i +1)
h=-— — —= =1. .22
4 k k—2 (7.22)
Setting j = %"—l,lzl and m = j + [ we obtain
M ke? (- 1)
_ — =1 2
4 + 4 k—2 ’ (7.23)
and so (taking k — o0)
o/ M?  kw?  kw? w? w
_ _ =1 .24
4 * 4 4 2 + 2 (7.24)
or 5
M? = = (—w* +w—2). (7.25)
General [ would yield
2
M? = = (—w® + (20 — Dw — 2). (7.26)
For bosonic strings on the cigar, the [ = 1 sector is prohibited by the unitarity con-

straints (7.4) in the k& — oo limit. The bosonic unitarity constraint is —1/2 < j < 552,
where for winding states j = %““ — 1. Setting Il =1 and w =1 gives j = % which violates
the upper bound. Setting I = 2 and w = 1 on the other hand gives j = % which is a
valid string state. All higher values of [ are also allowed. Higher winding modes always
violate the upper unitarity bound when taking k& — oo.

Let us consider Zy orbifolds of the SL(2,R)/U(1) cigar. In this case, one introduces
a conical singularity at the tip of the cigar. We expect that taking & — oo in this CFT
should coincide with the flat space C/Zy orbifolds. To study orbifolds of the cigar, the
effect of twisting the CFT is simply the change w — 5. That is, we should allow fractional
winding numbers [53, 54]. States that have w ¢ NN are the twisted sectors. The others
are untwisted. We elaborate on this orbifolding procedure in appendix D using the known
cigar partition function [55]. The cigar orbifold CFT in the [ = 1 sector thus has masses

2 w? w
V2 — _ _
o ( Nz TN 2) ' (7.27)

In this case, j = 5—}\‘} — 1l and for w = 0...N — 1, the [ = 1 sector satisfies the upper
unitarity bound. These states can be identified with the twisted sector primaries of the
C/Zn orbifold. The w = N sector only starts with [ = 2 like in the unorbifolded case

discussed above. Sectors with w > N are to be excluded by the unitarity bound.
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The analogous equations for type II superstrings are

oM? m? j(+1)
_ = 7 = 1 . .
TR : /2 (7.28)

Again we set j = %“” —1,l=1and m = j +1 to obtain (taking k — o00):

o M? kw?  kw?

w
— — —=1/2 2

1 + 1 1 + 5 / (7.29)

or 5
M? = —(w=1). (7.30)
For general | we would have
2
2

M= = ~ (2l —1w—1). (7.31)

The unitarity constraint for type II superstring is —1/2 < j < % In this case, w =1

and | = 1 is in the spectrum (as are higher values of [). Higher winding modes on the
other hand are again not allowed. We treat the discrete momentum modes and mixed
momentum-winding modes in appendix F to conclude our study of the NS-NS spectrum
of conformal primaries in this space.

To summarize, all types of strings do not include higher winding modes |w| > 1 in the
string spectrum. The |w| = 1 mode differs for bosonic strings and type II strings: in the
bosonic case, | = 2,3,... are allowed while in the type II case, [ = 1,2,... are allowed.
This implies that in the bosonic Rindler eigenvalues we should drop the n = 0 term and
the n = 1 contribution becomes the lowest eigenvalue. For flat C/Zy orbifolds, the twisted
sectors w = 1...N — 1 have [ = 1,2,... so these start with n = 0 in the Rindler case.
The w = N sector only starts at { = 2 for bosonic strings and [ = 1 for superstrings. The
w > N sectors are not present.

7.3 The bosonic Rindler string revisited

Let us reanalyze the critical behavior of the bosonic Rindler string, now incorporating these
unitarity constraints. The lowest Rindler mode is the n = 1 mode

52
Bp? Bp? 34 — 4o — Vol
/l/}]. (p) X eXp <_47TO[/3/2 L 271'@/3/2 9 )\1 = 7.(_0/3/2 Y (732)
where Li(x) = 1 —x is the Laguerre polynomial of the first degree. This mode has a width
671'0[,3/2
() =—5— (7.33)

The size of the wavefunction is a factor of v/3 larger than the n = 0 width. The eigenvalue
is zero for B = 2nvVo/ and f = 47va/. Values of 8 in between these two values give a
postive eigenvalue A1, while values of 8 outside this range give rise to a negative eigenvalue
and hence a divergence. We conclude that for the canonical Rindler temperature, the free
energy becomes marginally convergent, just like for the type II and heterotic strings.
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Figure 3. Left figure: most tachyonic state in the bosonic case versus the orbifold number N. The
black dots are the [ = 1 modes. For N = 1 the [ = 1 mode is absent and one should consider the
I = 2 mode (the red dot). The continuation in N (the dashed line) suggests the entropy is divergent
even though the free energy itself is not, since this only starts at [ = 2 for N = 1. Right figure:
most tachyonic state in the type II superstring case. In this case, nothing special occurs and the
I =1 mode is present both for the free energy and for the entropy.

However, as soon as one decreases [ (like for the orbifold CFTs), the [ = 1 mode
reappears in the spectrum and the bosonic string free energy diverges. In particular, when
computing the entropy as a derivative in 3 of the free energy, we would expect a divergence.
It is (presumably) only at precisely 5 = g that the [ = 1 mode drops from the spectrum.
For this reason, the bosonic thermal scalar is still effectively tachyonic. The situation is
sketched in figure 3. Such restrictions in the Rindler quantum number n are quite strange
from a particle perspective. In particular the random walk picture has the caveat that we
should drop the lowest mode of the associated wave operator. We see that string theory is
more subtle than any limiting field theory might suggest.

Nonetheless, the analysis in section 6 concerning the C/Zy orbifolds remains valid
(since the twisted sectors do have [ = 1 in the spectrum). The analysis concerning the
thermal scalar action in section 4 also remains valid: it is only the eigenmodes of this
action that are subject to the unitarity constraints.

Perhaps even more importantly, the type II superstrings in Euclidean Rindler space
do not suffer from this restriction on [ and ultimately we are interested in these.

8 Discussion

We make several remarks concerning these results.

In appendix A we translate the previous results to the Schwarzschild normalization of
Rindler space. We find that the state has a string width around the event horizon and the
Hagedorn temperature for type II and heterotic superstrings becomes S = 8mGM which
is the Hawking temperature of the black hole. This temperature is much lower than the
string scale unlike flat space Hagedorn temperatures. Physically, the Hawking temperature
is the temperature set at Ggg = 1. So for Schwarzschild black holes, this temperature is
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the one at infinity. The size of the thermal circle goes all the way to zero at the horizon. So
even choosing non-stringscale temperatures at infinity gives local stringscale temperatures
near the tip of the cigar. Apparently this causes the singly wound state to be precisely
massless at the Hawking temperature.

It is quite remarkable that for both type II superstrings and heterotic strings, the
Rindler Hagedorn temperature equals the canonical Rindler temperature. It would have
been surprising to obtain a divergence in these cases, since this would indicate an instability
in thermodynamics and thus an instability in the theory itself. Quite reassuringly, there are
no thermal tachyons in both these cases. No tachyon condensation process occurs, although
an IR divergence can still occur depending on whether there are compact dimensions or
not as we discussed above. Though it is peculiar that in both cases we obtain precisely
‘marginal’ stability. For both these string types, the winding string lives close to the event
horizon. Since there is no tachyon anywhere in spacetime in these cases, this region does
not correspond to a condensate but instead the marginal state is a bound state. Note
that the localized state is in the perturbative spectrum of Euclidean Rindler space and its
classical value is set to zero.

If we look back at the operator (5.2), we notice that the reason the thermal scalar is
localized near the horizon is the p? potential and this is present since we study w = =+1.
The ‘normal’ particles (having w = n = 0) do not have this potential and can freely
propagate outward (if they overcome the centrifugal barrier as discussed in e.g. [7]). Besides
these, there are also n # 0 states that propagate to infinity. For the type II string,
the wavefunctions of these states and their relation to the cigar CFT can be found in
appendix F. This is a very important difference between these fields: non-winding states
can propagate to infinity whereas the thermal scalar on the other hand is bound to the
horizon. It is to be interpreted in the Lorentzian signature as a long highly excited string
located at a string length from the horizon. Considering the thermal zone of a black
hole, the thermal scalar is living much closer to the horizon, effectively outside the reach
of low energy quantum field theory. This makes it a natural microscopic candidate for
the stretched horizon (or the membrane). Note that classically, the black hole membrane
is located at an arbitrary radial location that is sufficiently small [8]. In our case, the
stretched horizon has a fixed location at a string length outside the horizon.

The ground state wavefunctions determined above have a width equal to (or of the
order of) V! for f = 2mV o, so consistency with the Rindler approximation requires this to
be smaller than 4GM. We thus arrive at the following equivalent consistency requirements

o < G*M? & ls<< Ry & THawking < That space Hagedorn - (81)

So if the asymptotic temperature of the black hole is much smaller than the flat space
Hagedorn temperature, we are safe to use Rindler space. This is equivalent to choosing
a black hole much larger than the string length. We conclude that our picture is only
valid when the horizon size is much larger than the width of the dominant string state.
The above was applied to a Schwarzschild black hole but it applies equally well to (large)
AdS black holes. We are more interested in the latter since these are thermodynamically
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stable and we can use the AdS spacetime as a ‘container’ to mitigate the ever-present Jeans
instability [56, 57].

We also point out that when we consider Rindler spacetime, we have no way of see-
ing the ground state width diverge as was argued in [43] to happen for sufficiently small
black holes. This is obviously caused by the fact that Rindler spacetime has an ever in-
creasing circumference of the thermal circle, while for a real black hole the circumference
asymptotes to the radius corresponding to the Hawking temperature. The authors of [43]
and [58] interpret this diverging thermal scalar width as the black hole-string correspon-
dence point. So we do not have the chance to study the black hole evaporation process
and the correspondence principle as put forth by [59].

From the Rindler example, we can learn some lessons regarding the higher winding
modes. Naively, when considering a conical space (or its smooth cigar-like cousin), one
can imagine that all winding modes are tachyonic because the radius of the thermal circle
shrinks all the way to zero. Thus naively we cross all Hagedorn transition temperatures
for all winding modes. This reasoning is wrong. The SL(2,R)/U(1) cigar CFT spectrum
explicitly shows that this is not the case: it depends on the quantum numbers considered.
When taking the flat limit £ — oo, we instead see that all higher winding modes are simply
absent from the string spectrum. This is a feature to which the field theory action is a
priori insensitive. The singly wound mode is a marginal state and hence is not tachyonic.

This entire discussion has been for strings with all spectator dimensions geometri-
cally flat. One could ask whether the above picture is altered when compactifying on
geometrically non-trivial spaces. Let us split spacetime in a four dimensional (for string
phenomenology) or five dimensional (for holographic purposes) spacetime and a compact
internal manifold. Smooth compactifications (e.g. on a compact Calabi-Yau manifold M)
that are compact unitary CFTs do not alter our conclusions. The reason is that the confor-
mal weights are h > 0 in this case and A = 0 is in the spectrum (this is the unit operator and
this state is automatically normalizable due to the compactness). Due to the compactness,
we also do not introduce continuous quantum numbers. Thus the convergence calculation
remains the same and the winding mode retains its character (marginally convergent for
all string types). More explicitly, consider the partition function

7= [ B e (V2 Do (7, (8:2)
where
Zimatter(T) = Tr <qLofcm/24qE076m/24> 7 (8.3)
Zgn(7) = T (QLo—cg/24q-Lo—ag/24) ’ (8.4)
Zeomper () = Tr (g0 ~ceome/2igho=ccon [20) (8.5)

with ¢, + ¢g + ccomp = 0. We immediately cancel the c-dependent factors in the trace and
in the limit 79 — oo, upon dropping the c-dependent factors, we have that

Zeompact(7) = Tr (qLO(jEO) 1. (8.6)

~32 -



In this limit the compact part drops out of the partition function. This has an analogous
manifestation in the heat kernel picture. Since the heat kernel factorizes, the ground state
wavefunction becomes a product of the two ground states and the shape of the tachyon
wavefunction in the p direction remains the same. For the compact dimensions we have

K(r) = / VK zim) =3 / AV 4 () () €™ 5 1. (8.7)

when we assume that we do not have negative eigenvalues of the operator that gives us
this heat kernel. The constant function is an eigenfunction with eigenvalue zero, so its
wavefunction is constant and equal to ¢y = # (up to a phase). The critical behavior and
the Hagedorn temperature are indeed not modified and the ground state wavefunction is
uniformly distributed over the compact manifold. The random walk behavior is entirely
determined by the non-compact part.

As an explicit example, consider a SU(2)x WZW model as (part of) the compact CFT.

The primaries are discrete and have conformal weights

_ 1 - -
h = mj(j +1), h = mj(j + 1), bosonic string, (8.8)
1 N
h = E‘j(‘j +1), h = Ej(j +1), type II superstring, (8.9)

where 0 < 7,7 < k/2. Which primaries appear in the string spectrum is irrelevant for our
discussion (this corresponds to choosing a specific modular invariant). We clearly see that
the minimal conformal weight is indeed zero, as it should for a unitary compact CFT.

From the heat kernel point of view, the scalar Laplacian on S5 has eigenvalues —I(l+2)
where 0 <[ an integer. Clearly the lowest eigenvalue is zero and the Hagedorn temperature
remains unchanged.

Now that the dust has settled, we make a comparison between the different approaches
to Rindler near-Hagedorn thermodynamics.

As a first approach we have the random walk picture as made explicit by [1, 2] and
reviewed in section 2. This realizes the picture as proposed by Susskind [7] that highly
excited strings can be described as random walks and that near the Hagedorn transition,
the string gas recombines itself into a single highly excited string.?* The random walk of
the thermal scalar in the Euclidean picture traces out the spatial form of the long string in
the Lorentzian picture. The 79 — oo limit corresponds to a long walk, and thus to a long
string in the Lorentzian picture. The subtle point is however that the fate of the correction
terms of the worldsheet action is unclear. Also, since we started with the gauge-fixed string
path integral, we cannot go off-shell.

The other approach is to start with the field theory action, compute the one-loop
amplitude and convert this to a first-quantized form. When properly taking into account
the Gp metric component and o’ corrections, we get a modified random walk picture and
we interpret the modifications as the correction terms from above. So from this approach,
we do get information about the corrections. Also, since this is a field theory, we appear

24 Again with the caveats we discussed before.
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to have no problem in going off-shell. However, here we have trouble in interpreting the
required Wick rotation to return to the Lorentzian picture as discussed in [26, 42].

We see that the delicate points of one approach are explained by the other approach.
So combining these two viewpoints, we have all ingredients to fully realize the Rindler
string as a (modified) random walker that is confined to a string length from the event
horizon. Thus this realizes (at genus one) the picture put forward by Susskind.

9 Open problems and speculations
We take a look into some puzzles and unsolved problems that we face.

e [t would be nice to further clarify the precise correspondence between the cigar CF'T
and the C/Zy orbifold. A better understanding of the heterotic case and why it also
matches to the flat orbifold without any o’ corrections would be helpful. A study of
this is postponed to future work.

e The authors of [42] argued that on the SL(2,R)/U(1) cigar in the type II superstring
case, the marginal state should become tachyonic when considering higher loop ef-
fects: the tree level mass should get corrections that drive it tachyonic. This idea
arose in order to agree with (and explain) the unstable little string thermodynamics.
The one-loop free energy is only sensitive to the tree-level spectrum, so indeed this
is not divergent. The higher genus contributions to the free energy however, are ex-
pected to diverge. Whether this is the case or not is, as far as we know, not explicitly
known. Note that an alternative explanation of the unstable little string thermody-
namics was given in [60, 61] where the instability was attributed to a gravitational
zero-mode. This solution would not require the winding string zero-mode to become
tachyonic at higher genera.

e In some less recent literature (see e.g. [22, 23] and [24]), it was found that the
Green propagator (and the energy-momentum tensor) should diverge for the canon-
ical Rindler temperature. Their arguments do not care about the specifics of the
bosonic string theory and are equally valid for superstrings and heterotic strings. So
in these papers, it is suggested that the region near the horizon causes divergences
in several quantities, corresponding to a mazimal acceleration of strings near black
hole horizons. In [24] it was argued that this provides a natural cut-off to the theory.
It would be very interesting to know the link to our work.

e One could think about expanding the random walk path integral picture to include
Ramond-Ramond backgrounds. The goal would be to again identify the membrane
with the long string(s). Besides the technical difficulties this would entail, we would
like to point out a conceptual problem with this. For a neutral black hole, the above
arguments suggest that indeed a long string dominates the thermal ensemble, exactly
like in flat spacetime. This agrees with the black hole correspondence principle [59]
where a neutral black hole evaporates into a long highly excited string.”> When we

251n [7] this is viewed as the same string that constitutes the stretched membrane.
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consider RR charged black holes however, the correspondence principle suggests a
match to a gas of open strings living on a D-brane. This suggests that we should
augment the closed string random walk picture with open string sectors to find the
stretched membrane for such black holes. The thermal scalar appears not to be suf-
ficient to constitute the membrane in this case. This behavior is not universal for all
charged black holes since for electrically NS-NS charged black holes, the correspon-
dence principle does suggest a match to long closed strings.

We finally remark that our study was also limited to non-extremal black holes which
have Rindler space near their horizon. Extremal black holes typically develop an
infinite throat (e.g. the extremal 4d Reissner-Nordstrém black hole has AdSs x S?
near-horizon geometry).

10 Conclusion

In [1], we reviewed and extended the path integral derivation of the random walk behavior
of near-Hagedorn thermodynamics [2]. Several questions arose in the process: is there
really a winding mode in the string spectrum, especially if the space does not topologically
support winding modes? Can we get a handle on the higher o'-correction terms? In
this paper, we found answers to these questions by analyzing Rindler spacetime as the
near-horizon approximation of black holes.

We found that the random walk gets corrected but we know precisely what the cor-
rection is (due to its relation to the SL(2,RR)/U(1) cigar). Moreover the resulting particle
path integral can be exactly solved and we checked that it gives the same answer as the
zero-mode of the Hamiltonian operator associated with it, which was recently found in a
slightly different context in [25, 26]. We used one-loop convergence as a criterion to obtain
the Hagedorn temperature and found the critical temperatures and critical behavior for
the Rindler string gas of all string types (bosonic, type II and heterotic). All string types
show critical Hagedorn behavior at the canonical Rindler temperature.?® We interpreted
the stretched horizon as a Hagedorn string at string length from the event horizon whose
temperature is redshifted to the Hawking temperature at infinity. To further substantiate
the claims in [25] regarding the o corrections, we have shown that the corrections to the
bosonic string thermal scalar action are precisely such that they reproduce correctly the
flat C/Zy limit. Disregarding the bosonic corrections would yield a different answer. The
unitarity constraints from the cigar get transferred to Euclidean Rindler space, where they
in particular forbid any higher winding modes.

Our attitude towards this approach to string thermodynamics is the following. The
method reduces string theory to a particle theory of the thermal scalar. This inherently
brings back the UV divergence one typically encounters when evaluating thermodynamical
quantities in black hole spacetimes [30-32]. So it is not obvious how to work with the
obtained expressions to get quantitative predictions on the free energy and entropy. What
one pays for in this aspect, we gain in another: namely because we have a field theory,

26Keeping in mind the complications for the bosonic string.
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we are free to go off-shell. We obtain an off-shell description of the dominant behavior
of string thermodynamics near black holes where we are free to vary 8 without having
to worry about violating (super)conformal invariance. We can see that black holes when
equilibrated with a gas of strings are surrounded by a thin stringsize shell of the thermal
scalar, that we identify with the black hole membrane. This membrane differs for the
different types of strings: for bosonic strings, we have the complications we addressed in
section 7: the lowest mode is not in the string spectrum and the free energy does not
have a tachyonic divergence. Flat orbifolds on the other hand always include tachyonic
divergences and this suggests quantities like the entropy also are tachyonically divergent.
For both superstrings and heterotic strings, the situation is simpler and we have a marginal
convergence: the membrane is composed of a zero-mode. The heterotic membrane is also
slightly larger than the superstring membrane.

We finally compared the two approaches to Rindler thermodynamics (string path inte-
gral Fourier expansion versus field theory) and noted that, when combined, they describe
the picture by Susskind of a single long string surrounding the event horizon, at least for
the genus one worldsheet.
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A Schwarzschild normalization of Rindler space

We translate the results from sections 5.1, 5.2 and 5.3 to the Schwarzschild-normalized
Rindler space:

2
ds? = — ((465]\4)2> dt* 4 dp* + dx3. (A.1)

For type II superstrings, the eigenfunctions and eigenvalues in these coordinates are

B 8p? B —2r(4GM) + 28n
¥n(p) ox exp ( 4770/(4GM)> Ln <27ro/(4GM) =T aa) (A-2)
The lowest eigenmode has the form
Bp?
1y X exp < T6na GO ) (A.3)
For 8 = Br = 87G M, we find
2
p
1o X exp <_2o/> (A.4)

and we clearly see that the mode has stringscale width.
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For heterotic strings, the eigenfunctions and eigenvalues become

sagan (B0 N pw (B
%w“pﬂem<mwmm>% 270/ (4GM) ) (A.5)
B —2r(AGM) + 28n
An = wo! (4GM) ’ (A.6)
where a = %M).

Both for type II superstrings and heterotic strings, the Hagedorn temperature is equal
to the canonical Rindler temperature which is (with this normalization) also equal to the
Hawking temperature:

BHawking = 8rGM. (A7)

For bosonic strings, the eigenfunctions are the same as those of the type II superstring,
and the eigenvalues are given by

B+ 206n 4
_ = A.
ma/(4GM) o (4.8)
whereas the o/-corrected eigenvalues are
2 4 2
pt2fn 4 _ 5 (A.9)

- T (AGM) o  27%a’?
B Explicit solution of the Rindler random walk path integral

In this appendix we explicity solve the random walk particle path integrals and show that
they match with the field theory computations as they should. We start with bosonic

strings. The thermal scalar action in Rindler space is governed by the particle action?’
1 T ﬂ2/32 1 4 62
S=- dt | p? - —— —2——. B.1
2 /0 [p T e 4p? o  472a’? (B-1)

This particle path integral lives on a half-line in a harmonic oscillator and in a 1/p? po-
tential. This model can be exactly solved [62]. The non-trivial part of the particle action
is given by

S = /dt(mp+ —mw?p +p> (B.2)

The resulting heat kernel is given by

2
mw pemw
K(p,T|p,0) =p | —— —mwp? coth(wT)) I, [ B.3
(p,Tlp,0) = p [sinh(wT)] eXp( muwp” coth(w )) " <sinh(wT)> (B.3)
where
_ s B R - _
m=1 w = 2as 9= g =2mg+1/4=0. (B.4)

Since g < 0 the inverse potential is attractive. Note that since x = 0, we have precisely
saturated the stability limit of this problem: any stronger attraction would result in the

#"Substitute ¢ — t/(2ma’) in expression (2.2).
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‘fall to the center’ as discribed in [62]. This propagator (heat kernel) was derived in [62]
using an explicit path integration. It was noted there that due to the singular perturbation
o p%, there is no ‘contact’ between the states living at p > 0 and those at p < 0. The
integration range of the intermediate integrations in the path integral is from p = 0 to
p — 00. So this explicitly demonstrates that our space is restricted to a half-line. If we
neglect the singular perturbation, the origin p = 0 would be regular, and we would need
to think about which boundary conditions to impose at the origin. In our case here, the
nature of the potential solves this problem. Notice that this singular perturbation term
is precisely the correction term K (x) that we discussed previously, so discarding it would
fundamentally alter the problem.

One easily checks that the integrals converge for p — 0 and for p — 00.2®> The T'— 0
limit diverges, corresponding to the field theory UV divergence. The integral over p can

be done and results in??

+o0 w
dpK (p,T|p,0) = — ——. B.7
/0 P (. T1pn0) = 5ot (B.7)
When examining the interesting 7' — oo limit, the traced heat kernel becomes®’
2
~ e T e T eimzan ™ (B.8)

which indeed is the same as equation (5.23) as soon as one substitutes 7' — 7'/2 in the
T-integral in (5.1).

Also the Schrédinger equation corresponding to the particle path integral (B.1) can be
directly solved [62] and yields the following eigenfunctions and eigenvalues:

mw 2

Dn(p) o< pTV2LE) (mwp?)e™ 2P, A= (2n+ 1+ k)w (B.9)

wheren = 0,1,2,... We observe that these eigenfunctions differ from those in equation (5.3)

/4

0

space in extracting the /Ggg from the measure in the field theory action as we discussed
in [1].

For type II superstrings, the changes are trivial: one only needs to substitute % —

by a factor of G(l) o /p which is a consequence of the different inner product on the Hilbert

2
Oé,
for the covering space mass term in the particle path integral.

For heterotic strings, we can also compute the particle path integral. Starting with

the particle path integral (B.1), we again first perform the substitution ¢t — t/(2wa’). The

28The modified Bessel function has the following behavior

Ia(z) = ﬁ (3)" ==o, (B.5)
I(z) = \/% x> 1. (B.6)

29 O+°° dx exp (—wz coth(wT)) I [wz/sinh(wT)] = L exp(—AwT).
Here we reincluded the p-independent contributions to the action (B.1).
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extra discrete momentum term corresponds to a shift in the parameter g of the particle
path integral model

2/
and this leads to 5
K2 = 7762‘ . (B.11)

One readily finds that the resulting traced heat kernel and eigenvectors and eigenvalues of
the associated Schrodinger operator are consistent with those found in section 5.2.

C Thermal scalar dominance

We will clarify in what sense the thermal scalar dominates the free energy in the canonical
ensemble. The main question one should ask is whether the target space is compact or not.
This distinction can be understood on quite general terms from a random walk perspec-
tive [63] (see also [64] for more extensive discussions). In this section we illustrate these
claims with the simple flat space example and we explicitly demonstrate the significance
of the compactness of the target space. For simplicity we only consider bosonic strings.
All divergences in the free energy expression come from the 7 — oo limit in the

fundamental modular domain. A flat non-compact dimension gives a factor

Zyry = A, el (C.1)
T) = , .
X VAol VAol
while a flat compact dimension gives
2
Z 2|m —nT| 6
QWRZX exp ( TR 0/7_2> — 67rT2/ N (CQ)

where in both cases we have taken the 79 — oo limit. For the temperature-dependent
part we have dropped the n = 0 contribution. If all dimensions are non-compact, the free
energy in flat space can be written as

drdF 1 _46 1 ) o|m — nr|?
F—_V —_— Y
/F 21y (4m2a/T9)25/2 In(r) (4m2a’Ty) 1/2 Zexp 7 Amalr

(C.3)

and yields in the critical limit

P v drdr 1 . % o4
e P (47‘(20/7'2)25/26 € * (C4)

We see that this expression converges at 8 = By due to the suppressing 75 factors from the
non-compact dimensions. If on the other hand we choose only compact dimensions, we get

drdT 1 —48 2 ‘mz nzT|
F=-V | | E TR, ————— C.5
/F 219 (4m2a/T9)13 In(7)] xp ( a'Ty ’ (€-5)

i Ng,m;
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and this gives
F — —V/ M647”267%. (C.6)
F T2
For 79 — o0, this diverges logarithmically at § = 8. Choosing at least one non-compact
dimension gives convergence. We also remark that the two limits 79 — oo and R; — oo do
not commute.

Note that the ‘normal’ massless non-winding strings contribute to the free energy (C.5) as

F — —V/ drdr. (C.7)
F

72

This also diverges logarithmically, but gives a temperature-independent contribution to

31 So for fully compact spaces, when

the free energy and we are not interested in this.
the temperature is close to the Hagedorn temperature (but still smaller), the free energy

contribution from the thermal scalar dominates the full free energy as
F o« —1In(B — fg) + infinite but independent of /5 + finite. (C.8)

More generally, for fully compact spaces (not necessarily flat) we expect a behavior F' o
—In(B — ) that diverges at 8 = Sy. Noncompact spaces do not yield such a divergence.

If at least one dimension is non-compact the free energy does not diverge and the
thermal scalar does not dominate the free energy (since it remains finite): it gives the
leading non-analytic behavior of the thermodynamic quantities. If on the other hand, all
dimensions are compact the thermal scalar really takes over the entire thermodynamics.

In order to circumvent the Jeans instability, which is always present for sufficiently
large thermal systems if we include gravity, we should consider only compact dimensions
and the thermal scalar really represents the dominant contribution.

D Cigar orbifold partition function

In this section we compute the partition function of Zy orbifolds of the SL(2,R)/U(1)
model. We follow the computation of [55] and indicate where differences occur. In [54] the
orbifolds of AdSs3 were considered which are closely related to the ones we study in this
section. We are interested in these cigar orbifolds since we want to make sure that indeed
orbifolding corresponds to including fractional winding numbers with the same unitarity
bounds as the ones obtained for the unorbifolded case. Also, we want to investigate whether
some extra states occur like those in the (Lorentzian signature) AdSs orbifold model found
in [54]. For discussions concerning the superstring case, we refer to [65].

The strategy is to write down an expression for the partition function by explicitly
integrating the string path integral. Then this expression needs to be rewritten in terms
of the SL/(2,\]R) characters such that it has the form

2(r) = Y Naxi(xi (7) (D.)

31These drop out anyway when computing the entropy.
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and we can identify the different states that occur in the string spectrum. Following [55],
we start with a gauged WZW model with coordinates 6, 6 and 7, where 6 = $(0r, — 0g)
and 6 = %(OL + 0r). The gauge field degrees of freedom are translated into scalars p and
p and we define two new coordinates Kk = 0 + p and kK = 6— p. Next we do a coordinate

transformation
v = sinh(r/2)e', (D.2)
v = sinh(r/2)e™ ", (D.3)
¢ = ik — log cosh(r/2). (D.4)

The 6 coordinate is identified with period 27 and represents the angular coordinate on the
cigar. This periodicity is passed over to k. If we want to consider Zy orbifolds of the cigar,
we should change the periodicity to 27r/N. This means that we consider the sectors

v(z +2m) = H)(2)e? N v(z 4 277) = H(v)(2)e?™/N, (D.5)

where H(v) denotes the ‘normal’ effect of the gauge holonomies on v and a,b=0... N —1
label the different sectors. Extracting the non-periodic parts from v, we obtain

v(z) = bexp [—4172((1“7 —ug)z — (urT — u2)Z) — % ((;\L]T - ;) z— (]C\L[T - ;\}) z)] ,

(D.6)
_ A 1 _ _ 1 a_ b a b\ _
U(z) = vexp [47_2((1117 —ug)z — (urT —u2)z) + o9 <<NT - N) z— (NT - N) z)} , (D.7)
1
p(z) =p+ E((Uﬁ —u2)z + (U1 T — u2)Z), (D.8)
- 1
#(2) =+ R((uﬁ —u2)z + (U1 T — uz)Zz). (D.9)
where 9, 0, ¢, p denote periodic fields on the torus.
When including all the contributions to the path integral [55], we arrive at
N-1
1 drds [T
z=—=3Y 2\/k(k—2)/ T T/ dusdu
N F T2 —o0
a,b=0
Z q"i qﬁi 647”2(1—m)—%|u1T—U2|2+27r7211§
i
1 oo (1 _ eQﬂ'irT)2 2
11 : . : | | (D.10)
|sin(7r(7117- _ QQ))IQ : (1 . eZmrT—Qm(ulT—uz))(l _ €2mr7—+2m(u17—u2))
r—=

where we denoted i1 = u1 + § and iz = uz + %. Firstly we shift the integration variables
as up — Uy — %, Uy — Ug — %. Now we split the holonomy integrals in an integer and
fractional part

+o00 1 +oo
/ dui — / dSZ' Z (D.ll)
0

- n;=—00
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and we combine the summation over n; and a (or b) in a single sum:

N—-1 +oo N—-1 +oo 00
Yo Y YSey o oo
a=0 n1=-o00 w/N,w=—00 b=0 n2=—00 m/N,m=—oc0

In all, we arrive at

72\/ —2 / deT/ d81d82

Z th _h; 47r7—21 m) 7_2‘(81—&— )T—(82+%)’2+27r7'25%

m,w=—0o0o 7

2
1 +oo (1 o 627rir7')2
- - - - D.13
|sin(7r(517' . 82))|2 7«1;[1 (1 _ 627rz7"7'—27m(s17'—52))(1 _ 627TZTT+27T2(81T—82)) ( )

The next step is the Poisson resummation to extract the discrete momentum quantum

Ilumb(}l"i
0 T | m m w w
Z _km T_‘zﬁ((s]+ﬁ)71 _32) N ,;k j : NTLJ,- ((S]J’_i)q—l_sQ) ' ( ‘ )

m=—0oo n=—oo

In all, the net effect in comparison to the N = 1 result is simply

n— Nn, w— w/N. (D.15)

This leads to the constraints
¢q—q=Nn, (D.16)
a+3+2) = —h~. (D.17)

The first constraint leads to the conclusion that only discrete momenta € NN are allowed.
The second constraint combined with a contour-shift argument as given in [55], gives the
same unitarity constraints for all sectors as the N =1 case:

% <j< Tl (D.18)
Changing the conventions of the SL(2, R) quantum numbers to those we used in section 7,
this condition is the same as (7.4). The remainder of the analysis is the same as the
N =1 case. We conclude that the only effect of orbifolding the cigar CFT is including all
fractional winding numbers and constraining the discrete momentum. No extra sectors or
special cases occur in contrast to the Lorentzian AdS3/Zy case [54].

E Quantum numbers for the bosonic Rindler string

In this appendix we briefly describe the modifications for the bosonic string. For an early
treatment of the SL(2,R)/U(1) spectrum, we refer to [66]. Here we focus again on the tran-
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sition from the cigar to flat Euclidean Rindler space. The eigenvalue equation is given by:3?

9, (sinh ( 270k — z)p) a,,T(p)>
sinh ( 2/(k— 2)p>
2

- <—2 - w22(:_ 5 (tanh2 @/M) - 2)) T(p) = \T(p). (E.1)

The solution that does not blow up as p — oo is given by

1 Vo+1+kw Jw+1-—kw 1
T(p) x —————7 2 1( : ;\@4—1;). (B.2)
cosh(%)pﬁﬂU 2 2

where L = 1/2(k — 2) and w = 1 —4(k — 2) — 2(k — 2)A + k(k — 2)w?. The bound states are
again determined when the hypergeometric function reduces to a polynomial. This entails

cosh (%)2

Vw = kw — 2l + 1. (E.3)

This is again the same condition as the identification with the asymptotic linear dilaton
primaries. As an example, the lowest state has [ = 1 and

1

T(p) x e (E.4)
P
cosh (\/W)
For large k this gives us again the behavior e=P/4. The eigenvalues are given by
—21(1 — 1) + 2wlk — kw — kw? — 2k + 4
5= (I—=1)+2w w — kw + , (E.5)
k—2
whose large k limit gives (upon setting | =n + 1)
A 2wl —w—w?—2
= 2un +w — w® — 2, (E.6)

which is indeed the correct result (5.22). We conclude that also for the bosonic string,
Il =n 4+ 1, where n denotes again the quantum number labeling Rindler eigenmodes as in
section 5.3.

F Type Il Euclidean Rindler spectrum

In this appendix we discuss the discrete momentum modes and mixed modes (containing
both momentum and winding) for type II superstrings in Euclidean Rindler space. We
then collect the results in the resulting string spectrum. Our main goal is to identify the
cigar quantum numbers with the Rindler quantum numbers. We set o’ = 2 again to lighten
the notation.

32We set o’ = 2 in this section.
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Discrete momentum states. The discrete momentum states have wavefunctions obey-
ing the following eigenvalue equation

- 0p (sinh( 2/k:p) @,T(p)) . (
sinh (\/2/7;))

where n labels the discrete momentum. The resulting eigenfunctions are almost the same

-1+ nQ% coth? (p/@)) T(p)=XT(p) (F.1)

as the winding eigenfunctions (7.9) except for the replacements w = 1 — 2k — 2k\ + n?
1
sinh
immediately implies that there are no discrete states. The continuous states are determined

and cosh — sinh. This is crucial since blows up when its argument goes to zero. This

by a critical eigenvalue
2

n n 1 1
2k 2k
Taking k — oo implies \* — % — 1 and for A > A* one finds the continuum. The
eigenfunctions one finds in the & — oo limit are given by

W(p) o n (VI+Ap) (F.3)

and 1+ X is indeed positive for the continuous states. The unitarity bounds are not present

A (F.2)

for the continuous states and all n € Z are allowed. Note that even though J, is damped
for large p, the physical probability density equals \/pJ;, and this does not damp. One can

o Jy (\/t + ZZp) (F.4)

with t € R*. Using the asymptotic behavior, one can identify

rewrite the wavefunction as

_ 252

t="-. (F.5)

In the limit kK — oo, we see that n represents the order of the Bessel function. We see that
we should consider only n < O(k) to have a finite order. This implies the wavefunctions
simplify to

b o I (\/i,o) (F.6)

2

where still t = % This implies s* can be of order k. These states represent propagating

states. One can also see these conclusions in the cigar spectrum:
oM? n?  s24+1/4

T tm T =2 (F.7)

The second term disappears in the large k limit but the third term remains. We find

M2:2<252—1>:2/(t—1), (F.8)

o k o

exactly analogous to the expressions we found before.
We have considered here only the CFT primaries and no oscillators are present here.
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Winding and momentum states. If we relax the condition L{rdler = LRindler ' we can
find other states. Since we are interested in the one-loop path integral, string states can
be off-shell and hence this condition need not be applied. We only require the less strict
condition Ly — Ly € Z to preserve modular invariance.?> The field theory equation of
motion is found by writing the Virasoro zero mode as

__1 2 1 2(M g2, L 2(M g2, 159

Lo ? [ar + coth(r)d, + 4coth <2>69 + 4tanh <2)8§ + 28989 , (F.9)
I _ ! o2 h 1 w2 (1) o2 1 nh2 (~ 32_15 9+ F

0 ? [ .+ cot (r)8T+4cot (2) 9+4ta (2) 5~ 5%9%| - (F.10)

The third term represents the discrete momentum, the fourth term the winding and the
final term mixes these two contributions. If we use a variant of equation (4.18), we get the
following effective metric

4 4 3
dr? de® + ————db?| . F.11
e coth? (%) + tanh? (%) ] ( )

In this metric, coordinates conjugate to the momentum and winding are both present
simultaneously. Such a description is very much in the spirit of double field theory [51].
The resulting eigenvalue equation one finds is

0p (sinh ( 2/k:,0> @,T(p))
sinh (\/2/7,0)

+ -1+ n2% coth? (p/\/ﬁ) + w2§ tanh? (p/\/ﬂ)} T(p) = XT(p), (F.12)

whose well-behaved solutions are products of cosh, sinh and hypergeometric functions
oF1. Again requiring the hypergeometric functions to reduce to polynomials identifies
the discrete states by the condition*

V1 =2k — 2kA+ K2w? +n2 =1 — kw +n + 2q (F.13)
where ¢ = 0,1,2,.... For instance, when ¢ = 0, the eigenfunction is given by

. Sinh(p/v2k)"
cosh(p/ /2R

(F.14)

whereas for ¢ = 1 we find

sin n+2 n
x CO:}E?;/@)W (1 — Coth(p/\/ﬁ)zggw—l-_ll)) . F.15)

33However, the dominant contribution to the free energy involves also the 71 integral. For large 7o, this

integral effectively projects onto states satisfying Lo = Lo. Nevertheless, even with this restriction on
states, one only requires the total Virasoro operators to satify this property, and a mismatch in the Rindler
sector could be compensated by another sector.

34We focus on n > 0.
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The asymptotic behavior of these functions is given by

Wb o exp (—\?E <k;’”—’;—q>>, (F.16)

and this identifies ¢ = [ + 1. Taking k large,* one finds the corresponding Euclidean
Rindler states with

2
WhittakerM (3 + 1 + g, %,w%) i
T(p) p oc e /A pn L LI (1 /2) (F.17)
where ¢ = 0,1,2,... and the generalized Laguerre polynomials appear again. These states

are localized close to the origin. The eigenvalues are given by
A=wn+2qw+w— 1. (F.18)

These states indeed coincide with the large k string spectrum. We should be a little careful
in this case. The on-shell condition is

Lo+ Lo =1, (F.19)

which reduces to

oM (B ty)
k

Taking k large yields

w
— — 2wl —w=1 F.21
5t 5 Twnt wl —w ( )
or 5
M2:g(wn+2wl—w—1). (F.22)

Setting | = ¢ + 1, this gives the same spectrum as in (F.18). To satisfy the unitarity
constraints we should again take w = 1. The quantum numbers are also constrained as
2] > —n + 1, which is trivial. To deal with the n < 0 states, the reader can readily check
that we should simply replace n — —n, such that all formulas work for any n if we would
write n — |n.

Finally the case w = —1 has j = M — [ with M = —g—i—% = %— ‘%.36 The

Euclidean Rindler wavefunctions are the same as those of the w = +1 case.
To sum up, the primaries (in the NS-NS sector) in the type II string spectrum consist of:

e Discrete states with w = +1, j = % —landl=1,2,3,.... These states are localized
to the origin and have wavefunctions

Yo Ly (p2/2) e /4, (F.23)

35Either in the differential equation or in the cigar eigenfunctions.
@ — ‘7—2” This expression and the winding-dominance

inequality |kw| > |n| together are the same restrictions as those displayed in [28].

36 Actually, M can be written explicitly as M =
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e Continuous states with n € Z and j = —1/2 + is with s € R. The wavefunctions are

b oc g (V2/k sl p) - (F.24)

e Discrete states with w = 41, and n # 0. Such states are only allowed on-shell if

of the propagating form:

the physical constraint Lo — Lo = 0 can be satisfied by compensating the Rindler
quantum numbers by suitable spectator quantum numbers (such as a flat toroidal
dimension). These states are localized to the origin and are of the form

o< e P Aplnl+pinD 2 9y, (F.25)

All of these states satisfy the GSO projection inherited from the cigar as discussed in [25].

Higher oscillator modes. Higher oscillator modes are given by the same equation of
motion with a shifted mass. This can be seen as follows. All conformal secondaries (these
are the oscillator modes) can be obtained by applying the raising operators of the affine
Lie algebra to the primary states, e.g.

J, [0) (F.26)

where p is a positive integer and b is a group index. Since we have
b b
Lo 2| =pIt,, (F.27)

the conformal weights of such states is simply shifted by an amount of p with respect to
the primaries. This implies the same equation of motion with a shifted mass term. In
particular, all winding modes are localized to the Rindler origin. They are however not
massless anymore and so are not really relevant for low energy physics. The equation of
motion for such (superstring) oscillator states is effectively given by

(io +Lo+p— 1) 6) =0, (F.28)

where we denoted by io + io the operator used before that can be written in terms of the
Laplacian on the group manifold.

Scaling of thermodynamical quantities of the Euclidean Rindler states. We
now ask the question whether the modes we found give contributions to thermodynamical
quantities that scale as the volume of the space or as the area transverse to the p-direction.
We previously found that the w = +1 modes yield a free energy that scales as the transverse
area. What about (pure) discrete momentum modes? For this it is convenient to reconsider
the heat kernel we explicitly constructed in appendix B. The particle action is given by

S = /dt<mp+ —mw?p —l—j) (F.29)
with the resulting heat kernel:
2
mw pomw
K(p,T|p,0)=p | —F—— — 2thTL{7 F.30
(0. T1p.0) = p | s exw (o 1 (B0 ) o
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Figure 4. The volume of space in Euclidean Rindler space is a half-line starting at the origin: this

is the fixed time submanifold.

The momentum modes are characterized by a positive g and w = 0. Taking w — 0 in the
heat kernel yields

K(p,T|p,0) =p [%} exp (—mf) I, (pQTm) (F.31)

where k is a strictly positive real number for the momentum modes. This traced heat
kernel is sensitive to the size of the space (unlike for the winding modes). This can be seen
by evaluating

[ oo = [“am[Flew (-7 ) 1 (F) = /om 7ok
(F.32)

where we regularized the integral by a cut-off at p = R. One readily checks that the
resulting integral is divergent and scales as R. The volume of the space is a half-line in the
two-dimensional space with a fixed angle since the angular coordinate is a time coordinate.
This is depicted in figure 4. So we find that the thermodynamical quantities of the discrete
momentum modes scale like the volume of the space instead of only the transverse area
(like the winding modes).?” To summarize, the Euclidean Rindler modes give contributions
to F and S that scale like

e w = 0. These modes scale like the volume. This can also be seen from their wavefunc-
tions: these modes oscillate and can reach p — co. Hence they should be sensitive
to the entire volume as the above calculation shows.

e w = +1. These modes scale like the transverse area and these modes are bound to
the Euclidean Rindler origin.

|w| > 1. These modes are absent.

All secondaries (oscillator modes) scale in the same way as the primaries from which
they originated (i.e. in the same Verma module).

3"Note that this concerns each discrete momentum mode (labeled by n € Z) separately: we did not
consider the scaling behavior when summing all of these.
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When considering a cigar geometry instead of flat Euclidean Rindler space, one also has
winding modes that scale like the volume (a continuum of states) [44]. The reason is that,
while in Euclidean Rindler space the size of the thermal circle keeps increasing, for a cigar
it asymptotes to a finite value. This causes a continuum of eigenstates to appear and
these scale as the volume of space. These can be interpreted as the asymptotically flat
contribution to thermodynamics: the free energy is a sum of two parts, an area-scaling
part that gives the contribution of bound states, and a volume-scaling part that gives the
usual contribution of a flat space continuum of states [44].

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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