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Abstract

We consider black probes of Anti-de Sitter and Schrodinger spacetimes embedded in string theory and
M-theory and construct perturbatively new black hole geometries. We begin by reviewing black string
configurations in Anti-de Sitter dual to finite temperature Wilson loops in the deconfined phase of the
gauge theory and generalise the construction to the confined phase. We then consider black strings in ther-
mal Schrodinger, obtained via a null Melvin twist of the extremal D3-brane, and construct three distinct
types of black string configurations with spacelike as well as lightlike separated boundary endpoints. One
of these configurations interpolates between the Wilson loop operators, with bulk duals defined in Anti-de
Sitter and another class of Wilson loop operators, with bulk duals defined in Schrédinger. The case of
black membranes with boundary endpoints on the M5-brane dual to Wilson surfaces in the gauge theory
is analysed in detail. Four types of black membranes, ending on the null Melvin twist of the extremal
M5-brane exhibiting the Schrodinger symmetry group, are then constructed. We highlight the differences
between Anti-de Sitter and Schrédinger backgrounds and make some comments on the properties of the

corresponding dual gauge theories.
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1 Introduction

The in-depth study of Schrodinger spacetimes and its physical applications began with the recent work
of [1, 2, 3, 4, 5], motivated by possible holographic applications to the description of condensed matter
systems with non-relativistic symmetries.! The embedding of these spacetimes into type IIB string theory
and their relation to the AdS/CFT correspondence via the null Melvin twist of known supergravity branes
[3, 4, 5], led to the exciting idea that perhaps holography could be understood in a spacetime with a
different geometry than Anti-de Sitter (AdS). This idea consequently led to a series of exploratory works
on Schrodinger holography (see [7] for a recent review and references therein).

Holography, however, can only be properly tested when the bulk description and the boundary theory
are simultaneously available. In the latter case - the dual field theory side - the authors of [3, 4, 5] argued
that Schrodinger geometries (Sch) embedded in IIB string theory via the null Melvin twist should have a
dual quantum field theory description in terms of a variant of Discrete Light Cone Quantization (DLCQ)
(in the language of [4], this is referred to as DLCQg where 3 is the parameter describing the deformation
from null AdS to Schrodinger), yielding a non-relativistic conformal field theory (CFT), e.g. of N' = 4
Super Yang-Mills (SYM). However, the exact details and the precise prescription for performing this
variant of DLCQ of SYM are still lacking, and it is therefore important to keep probing the properties of
this dual field theory by means of well defined bulk calculations.

Thus taking a purely gravitational perspective, and noting that certain Schrédinger geometries can be
obtained from AdS via the null Melvin twist [3, 4, 5, 8, 9, 10], one is naturally led to trying to understand

!See also [6] for earlier work on Schrodinger spacetimes.



which geometrical and gravitational properties of AdS carry over to (or are inherited by) Schréodinger and
which ones do not (this was also the point of view adopted e.g. previously in [11, 12, 13, 7]).

It has been argued in [3] that this null Melvin twist (or null dipole, or DLCQg) deformation leaves
invariant certain observables and correlation functions in the dual field theory, in particular those of local
operators without external momenta. On the other hand, examples of observables widely studied in the
context of AdS/CFT which do not fall into this class are expectation values of the Wilson loop operators
[14, 15]. Tt is therefore of particular interest to study the potential gravitational duals of such Wilson loop
(and Wilson surface) operators in the Schrodinger context, and this is the aim and content of this paper.

In the bulk theory on AdSs x S°, a Wilson loop is described by a configuration where a string is
stretched into the bulk and whose endpoints, representing a quark-antiquark pair, are fixed on the AdS
boundary. In particular, the free energy Fioop, of these configurations, obtained via a bulk calculation, has
the interpretation of the quark-antiquark potential, which in this case, at zero temperature, is Coulomb-
like and hence proportional to the inverse length L of the quark-antiquark pair [14, 15]. This dependence
of the free energy on L is in accordance with the expected form for a conformally invariant dual theory.
Therefore, Wilson loops can be used as probes of some of the properties of the dual field theory and hence
it is interesting to search for an analogous statement in Schs x S°, obtained via the null Melvin twist of
the extremal D3-brane [3, 4, 5]. In fact, we will see that the free energy of these configurations is no longer
Coulomb-like, but instead interpolates between a result proportional to the inverse length L and a result
proportional to the inverse square of the length for large enough ¢ = 3R? - the parameter describing the
deformation from AdSs with radius R into Schs. Similar arguments apply to the case of the expectation
value of Wilson surface operators and their bulk duals defined in AdS7 x S* [14], and correspondingly in
Schy x S* - their null Melvin twisted version [16].

Wilson loop operators, dual to strings with endpoints on the AdS5 x S® boundary, have a supergravity
description in terms of fully backreacted fundamental strings via the open/closed string duality. A similar
example is that of point particles blown up into D3-branes orbiting a great circle of the S°, the so
called giant gravitons [17], which when fully backreacted have a supergravity description in terms of LLM
geometries [18]. Therefore, constructing bulk configurations with holographic duals can be thought of as
constructing supergravity solutions. An interesting question that arises is how these configurations are
modified when the background is at finite temperature. In this context, finite temperature corrections
to the quark-antiquark potential have been obtained in [19, 20] by solving the Nambu-Goto action, i.e.
by placing an extremal, zero-temperature, probe on a black hole background. This method however does
not take into account the thermal excitations of the string degrees of freedom, which in practice means
that the probe is not in thermal equilibrium with the background. A way to take this into account
in the strong coupling, supergravity regime,? is to use the blackfold approach [22, 23]. This method,
which we briefly recall in Sec. 2.1 consists in placing probe black fundamental strings or black branes,
hence with an intrinsic temperature, on a given background and requiring thermodynamic equilibrium
[24, 25, 26, 27, 28, 29, 30, 31]. In the case of Wilson loops, this has been analysed in [26] and led
to quantitive and qualitative new features which were not captured by the analysis of [19, 20]. Here,
we describe the first application of this method to Schrodinger spacetimes and construct perturbatively
supergravity black strings and black membranes. We also consider black membranes, dual to Wilson
surface operators, in AdS; x S* using this black probe method and find new features which were not

2See the recent analysis of [21] for the thermal DBI action at weak coupling for the D3-brane.



observed in [32].

This paper is organised as follows. In Sec. 2 we begin by reviewing the black probe method based
on the blackfold approach for supergravity/M-theory [24, 33, 27] which will allow us to construct black
string and black membrane geometries dual to certain gauge theory operators. Since the Schrédinger
spacetimes that we consider are obtained by performing the null Melvin twist of known supergravity
solutions and consequently taking their near horizon limit, the resulting geometry is still a solution of the
complete set of supergravity equations and hence we can apply the black probe method developed for
supergravity /M-theory [24, 33, 27]. In Sec. 2.2 we review the work of [26], where Wilson loops at finite
temperature were analysed, and extend it to thermal AdS. In Sec. 3 we consider analogous configurations
in Schy x S° and find three distinct types of configurations. One of these interpolates between the AdS
configuration and another Schrodinger configuration where the string has boundary endpoints along a
spatial direction. Another of these configurations consists of a string with boundary endpoints separated
along a null direction. We compare these configurations with the AdS case. In Sec. 4 we apply the method
to bulk duals to Wilson surfaces in AdS; x S* and find dominant temperature corrections compared to
the work of [32]. Afterwards we construct several such configurations in Schy x S*. In Sec. 5 we discuss
open problems and future research directions. App. A contains some details on the solution space of black

membranes in Schr x S*.

2 Black strings in Anti-de Sitter

In this section we begin by reviewing the black probe method based on the blackfold approach for super-
gravity and M-theory developed in [24, 33, 27] which allows us to perturbatively construct the black hole
configurations presented throughout this work. We then review how this method was applied in order
to construct black strings in AdSs x S® in the deconfined phase dual to finite temperature Wilson loops
[26] and generalise this construction to the confined phase. The fact that the leading order temperature
contribution to the quark-antiquark potential is due to the blackness of the probe, and not due to the
characteristics of the background, is highlighted. We further notice that previous results based on the
method of extremal, zero-temperature, probes [19, 20] are recovered by taking a non-trivial double scaling
limit where the resulting finite temperature configuration is composed of locally flat, zero-temperature,
fundamental strings appropriately redshifted. This will then serve as a means of comparison with the
same configuration in Schrodinger spacetime which will be analysed in Sec. 3.

2.1 Black probe method

The open/closed string duality states that Dp-branes and fundamental F} strings are described either
by a low-energy effective action at weak coupling, such as the Dirac-Born-Infeld (DBI) action and the
Nambu-Goto (NG) action, or by a fully backreacted supergravity solution at strong coupling. When
the low-energy action is used in the context of AdS/CFT in order to find Dp-brane or F} configurations
in a closed string background, they can be related to certain operators in the dual zero-temperature
gauge theory and simultaneously have a supergravity regime where the Dp-branes or Fj strings are fully
backreacted. The clearest example of this is that of giant gravitons which are solutions of the DBI action
coupled to the background Ramond-Ramond field [17] dual to large N gauge theory operators [34, 35]
and when fully backreacted give rise to the LLM geometries [18].



If the closed string background has a finite temperature, the usual DBI or NG action is no longer a
good description of the weak coupling dynamics. Instead, for small temperatures one should quantise the
world volume theory and include the thermalisation of the brane/string degrees of freedom which heat
up as the brane is immersed in a background at finite temperature. In general, the thermal version of the
DBI action at weak coupling is not known but it has recently been derived for the case of the D3-brane
[21]. On the other hand, finite temperature configurations at weak coupling will have a strong coupling,
fully backreacted, regime where the corresponding objects will be non-extremal, finite-temperature, black
hole geometries.

In this paper we are interested in the strong coupling regime gsN(,) > 1 with gs < 1 being the
string coupling and N,y > 1 the number of probe Dp-branes (in the case p = 1 we write Nay =k
to designate the number of probe F} strings), where we have a supergravity /M-theory description. In
this case, the black hole solutions can be constructed order-by-order in a derivative expansion using
the blackfold approach [22, 23, 24, 33, 27] and their construction is independent of there being a weakly
coupled description of the same object or not. When considering AdS backgrounds we will be constructing
the finite temperature dual of the gauge theory Wilson loops and Wilson surfaces operators but when
considering Schrédinger backgrounds we take a more gravitational point of view and construct different
black hole geometries, regardless of whether or not these configurations are dual to some gauge theory
operators in a non-relativistic CFT.

The blackfold approach consists of placing a number of N, black probe branes in a background
spacetime with metric g,, and wrapping them along a world volume W, 1 with coordinates o, whose
position in the ambient space is parametrised by the mapping functions X#(c%). In terms of a metric,
we are constructing solutions for which their near-horizon geometry is that of a supergravity/M-theory
black brane and the far away asymptotics is given by the arbitrary metric g,, via a matched asymptotic
expansion procedure.® It has been shown that for this procedure to yield a valid gravity solution, in
the case of neutral black branes it must satisfy, for stationary configurations, the equilibrium condition
[36, 37]

T®K " =0 |, (2.1)

which, when ignoring possible background dilatonic fields and fluxes, can also be shown to hold for
supergravity /M-theory charged branes [38]. In Eq. (2.1), we have introduced the effective stress-energy
tensor T% describing the black probes and the extrinsic curvature of the geometry Kg,” which can be
obtained via the relation K,” = V,0,X” where the covariant derivative V, is compatible with g, as
well as with the induced metric v, = 94,0, X" 0, X". When the world volume has boundaries, Eq. (2.1)
must be supplemented with boundary conditions, which in this case are [27]

Tplow,., =0 , J*“mlan, ., =0, (2.2)

where 7, is a unit normalised orthogonal covector to the boundary 0,41 and J' %+ denotes the
(p + 1)-dimensional effective current carrying the conserved total charge @, of the black probe satisfying

0aQp = 0.
For supergravity /M-theory probes the effective stress tensor takes the form of a perfect fluid [33],

T% = Py 4 (e + P)uu® , e+ P=Ts , (2.3)

3For an example of the implementation of this procedure for neutral black branes in pure vacuum see [36].



while the effective current reads
Jotet = Qo (2.4)

where P, e, T, s denote the local pressure, energy density, temperature and entropy density respectively
while u® is the normalised (u®*u, = —1) fluid velocity which, for stationary configurations, must be aligned
with a world volume Killing vector field k® such that u* = k®/k, with k = | — %bk“kbﬁ. The indices
a, b, c... label the (p+ 1) world volume directions while the greek indices y, v, ... span the entire spacetime
dimensions and g1--%+1 is the Levi-Civita tensor on Wj1.

The fact that the probe is composed of a fluid with non-zero temperature gives rise to the required
degrees of freedom that need to be heated up when placing the configuration in a background spacetime
at finite temperature. The thermodynamic fluid variables, as well as the charge @), and corresponding
chemical potential ®,, are given in terms of the horizon radius ¢ and the charge parameter « of the black
brane by [33]

_ Yty Ynt1)

e (n+1+nsinh?a) , P=— e (14 nsinh? @) (2.5)
n Q n+l) p
T = fmreosia * 5= dg "o eosha (26)
and
~Qn+y _
Qp = Torc V0 sinhacosha , ®,=tanho . (2.7)
T

Here, we we have focused on D = 10 and D = 11 supergravity /M-theory branes and introduced Newton’s
constant G and the volume of an (n+1)-sphere Q(, 1) where the dimension n is defined via D = n+p+3.
In the case of stationary configurations the equation of motion (2.1) can be integrated to an action
[33]
I[XH(o)] = / dPHoy/—'P (2.8)
Wh+1
where 7 is the determinant of the induced metric. The branes characterised by these thermodynamic
quantities admit an extremal limit where the local temperature 7 — 0. This limit is obtained by sending
a — oo such that 7 — 0 and rg — 0 while keeping the total charge ), constant. It is easy to see that in
this case P — —@Q), i.e.,
a—o00 , 1o—0, P—=—-Q, . (2.9)

In the context of AdS/CFT where the charge is quantised such that Q, = N, T(,y with T(;) being the
tension of the Dp-brane (or in the case p = 1, Ty = T, being the tension of the fundamental F} string),
the action (2.8) yields the zero-temperature extremal action

IXH(0)]ext = =Ny Tp) /

W+

o=, (2.10)
1

which differs from the weak coupling DBI description, valid for g <1 and N(,) = 1, by a multiplicative

factor of N(,). The fact that we have obtained N, times the DBI action reflects the supersymmetry of

the solutions.*

“For supersymmetric deformations of blackfold geometries see [39].



Since solutions of (2.8) are time independent, the problem can be posed in an Euclidean version, where
the action (2.8) is Wick rotated such that ¢ = 7 — 47 and integrated over the time circle of radius 1/T

where T is the background temperature related to the local brane temperature via
T=kT . (2.11)

This relation is one of the main improvements of the black probe method compared to the extremal
probe method as it expresses that the probe temperature 7 must be in equilibrium with the background
temperature T via a redshift factor k. The resulting quantity, after the Wick rotation, is the Gibbs free
energy

F[XH(e)] = —/ dVipRo P, (2.12)

By
where dV(, is the volume form on the p-spatial world volume B, and Ry is the local redshift factor
obtained by computing the norm of a timelike background Killing vector & on the world volume, i.e.,
R = —&"&ulw, .- The entropy S and the energy/mass M can be obtained from (2.12) via the relations
oOF

where we have used the first law of thermodynamics dF = dM — T'dS and assumed the fluid to be
static, as it will be such cases that we will deal with in this paper. In order to obtain different black
hole configurations we will be varying the free energy (2.12) and solving the equations of motion (2.1) for
different configurations of the scalars X#(o®) in several ambient spacetimes.

2.2 Black strings dual to finite temperature Wilson loops

In this section we review the finite temperature Wilson loops in the deconfined phase constructed in [26]
by wrapping black strings using the method described above and extend it to the confined phase. The
construction in the confined phase, even though of less physical interest since it does not exhibit a phase
transition and hence no Debye screening effect, presents itself as a more striking example which highlights
the differences between the black probe method and the extremal probe method [19, 20]. We also show
how the work of [19, 20] is recovered by taking a non-trivial double scaling limit.

We consider the AdS black hole background with AdS radius R and metric

R2 4
ds? = 1 (—f(2)dt* + f(2)"'dz® + daf) + R?dQ) , f(z)=1- 7% , (2.14)
0

where i = 1,2, 3, dQé) is the metric on the five-sphere and zp = 1/(nT’) is the location of the horizon and
T its temperature. The boundary is located at z = 0. The parameter v controls whether we are in the
deconfined phase (7 = 1) or in the confined phase (y = 0). In the latter case, the metric corresponds to
thermal AdS. The Hawking-Page transition occurs when the background temperature exceeds Typ ~ 1/R
for which the case v = 1 is thermodynamically preferred. We have ignored the five-form fluxes present in
the background since they do not play a role in the examples we consider.



Embedding and solution

We now follow the prescription of [26] and choose a static string embedding (p = 1, n = 6) with its
endpoints on a boundary spatial direction separated by a length L, at the locations x;y = 0 and x; = L,
and stretched into the bulk along the z-direction. The embedding map is

t=17 , z2=0 , mi=w(0) , Ta=23=dQ =0 . (2.15)

With this choice the problem becomes symmetric around z1 = L/2. The string is stretched from (z1, z) =
(0,0) to (x1,2) = (L/2,00) and back again to (z1,2) = (L,0). The induced metric on W becomes

2
Yapdotdo® = % (—f(a)d7'2 + (2(0)? + f(a)fl)daz) . flo)=1—~(xTo)* , (2.16)

where the prime denotes a derivative with respect to 0. The norm of the pull-back of the timelike Killing
vector field d; onto the world volume yields the redshift factor Ry = (R/o)+/f and, since the string is
static, we have that k = Ry.

Evaluating the determinant of (2.16) and introducing it in (2.12) leads to the free energy

6 roo 8 sinh? o
Fla(o)] = —24 (;’T) /0 dor/T+ J@T (02 G(o) | G(a):%f(a)?’% @17

cosh® o

where we have defined A = Q(7)/(167G) and used Egs. (2.5)-(2.7) as well as (2.11). The overall factor of 2
accounts for the fact that we are gluing two symmetric patches of string around x; = L/2. The equation
of motion that follows from varying (2.17) is

( flo)a! (o)
1+ f(o)z!(

" G(U)) =0 . (2.18)

We consider solutions for which 2/(¢) > 0 and which satisfy the boundary conditions xz(0) = 0 and

2'(o) — oo for ¢ — 0. This yields the solution

o (@GP N
vio) = (£ - 1) (2.19)

In the case v = 1, this agrees with the result found in [26] while in the case v = 0, and hence f(o) — 1,

N

we obtain )
G(0)? T2 R®1 + 6sinh? a
/
2(0)y=o=| =5 —1 , GO)|y=o0 = ————F— . 2.20

o= (G (0))ym0 = T 1 H O (2.20)
We further note that the boundary conditions (2.2) are ensured with the choices we made. In order to see
this explicitly we note that the world volume of the string W, composed of the two symmetric patches
only has a boundary at ¢ = 0. The unit normalised, orthogonal covector to the world volume boundary

nydo® = g 1+ f}?:)c,w)Q do . (2.21)

is

With this we evaluate (2.2) leading to

1+ 6sinh?a) o o
g =0, JTUnU|U:0:Q1§:O , (2.22)

T o I
olo=0 @ 6sinhacosha R

7



where we have used Eqs. (2.5)-(2.7) and the fact that f(o) — 1 and G(0) — oo when o — 0.

Finally, we note that the equation of motion (2.18) also admits the solution 2’(c) = 0 corresponding
to two straight strings stretched from the boundary to the black hole horizon (0 = zy) in the case v =1
or to the origin of thermal AdS (¢ = oo) in the case v = 0. In terms of the dual gauge theory, this
represents the Polyakov loop. In this case, the geometry also satisfies the boundary conditions (2.2), in
particular, at ¢ = 0 we obtain the same result as in (2.22) valid for any choice of ~.

Solution space

Here we wish to analyse the allowed region of solution space. As in [26], we first introduce a dimensionless

coordinate ¢ = w70 and define a parameter x using the Egs.(2.7) and (2.11) according to

2°Q1  f(6)® sinha(5)
3TARS 65 cosh® a(6)

K= , (2.23)
where f(6) = 1 — 6% The parameter x as we will see below distinguishes between the extremal probe
k = 0 and the non-extremal probe x # 0.° Therefore we seek to understand the effect of corrections
proportional to k in these configurations. Because of the fact that the ratio sinh a/ cosh® a is bounded
from above by the value 24/ 55, the black string cannot be stretched all the way to the horizon for any
value of k. The maximum distance into the bulk it can attain is given by the critical distance

W23 2 s (2.24)

In the case 7 = 1 this agrees with the result obtained in [26] and attains its maximum value . = 1, where
it touches the horizon, when x = 0 and decreases for increasing x meaning that when £ > 0 it cannot
reach all the way to the horizon. In the confined phase for which v = 0 we instead get

94/3

=

5%},0 = (2.25)

which means that for kK = 0 the string can stretch all the way to the origin of thermal AdS but for x > 0
it cannot be stretched more than a finite amount. The fact that the distance (2.24) exists is due to the
fact that the local temperature of the black probe 7 has a maximum value for a given value of the charge
Q1. By looking at (2.24) one may tempted to say that in the case v = 0 the string can be stretched more
into the bulk than when v = 1. This however is only apparent as by comparing the invariant spacetime
lengths along the z-direction one finds that

b= 2L (2:26)
and therefore the strings can be stretched exactly the same distance in both cases for a given value of k.

We now comment on how the different regions of parameter space are connected to each other and
how the work of [14, 15, 19, 20] is recovered. For a given configuration with finite 7', k, as indicated in
Fig. 1, there are two ways of making the black probe extremal. According to (2.11) we have that

SThis distinction only makes sense if the charge Q. is non-vanishing. If the charge vanishes there is no extremal limit
since uncharged supergravity /M-theory black branes do not admit an extremal limit. Around Eq. (2.27) we will explain how
the extremal limit x = 0 with Q1 non-vanishing can be obtained.



e T —w0and 7 —0withk7 — 0.

e 7 — 0 and k7T remains non-zero in such a way that T’ remains finite and non-zero.

T—0
T—0

Figure 1: Diagram depicting the solution space and its limits. The solutions at 7= 0 for k =0 and k # 0
are equivalent. This diagram is generic for all the configurations constructed in this paper.

In the first case the background temperature is set to zero and we recover the solution at zero-temperature
found in [14, 15] regardless of the value of k. In the second case, the black brane becomes extremal and is
appropriately locally redshifted such that k7T remains non-zero. This can only happen if we send x — 0
for finite @1, according to Eq. (2.23).° This is in fact the first example of a black hole solution where
the near-horizon geometry is locally composed of extremal, zero-temperature, black branes but for which
the global geometry has a finite temperature 7. In this case the results of [19, 20] are reproduced. If we
would now turn off the temperature we would find the results of [14, 15]. In more physical terms, we can
rewrite x using the AdS/CFT dictionary for the radius R* = A2, the string coupling 47gs = A\/N as well
as the relation for the fundamental string tension T, = (2712)~!, where X is the 't Hooft coupling of the
N =4 SYM theory, N is the number of black D3-branes whose near-horizon limit gave rise to (2.14) and
ls is the string length. Newton’s constant can be written in terms of the Planck length [, according to
167G = (27T)D*3l5*2. In type IIB supergravity we have that 1187 = g2
be written as [20]

18. Using this, the parameter x can

_2TkVN
T3 N?

Therefore, we see that the work of [19, 20] is recovered in the strict limit N — oo while still satisfying

(2.27)

local thermodynamic equilibrium with the black probe in accordance with Eq. (2.11).7

There is also another region of solution space which has not been previously explored, though of
less holographic interest, as it does not connect with the part of solution space scanned by the extremal
probe. This region is attained by sending x — 0 while keeping T" # 0 but sending @)1 — 0. This branch
of solutions does not admit an extremal limit since uncharged supergravity /M-theory black branes do not
admit an extremal limit. However, this region is beyond the regime of validity of our method, as we will

see below.

5As it will be explained below, this implies taking the strict limit N — co.
"The relation R* = A2 implies that if we send x — 0 while keeping Q1 non-zero then we must have that N — co such
that VA'/N? — 0.



Regime of validity

We now wish to consider the regime of validity of the solutions. We consider the regime connected to the
extremal probe (o — 00) for which the characteristic length of the black fundamental string is its charge
radius 7. = rg sinh? a.

e For the solutions to be valid, one needs to require that quantum corrections are sub-leading, i.e.,
7. > ls which implies that kg2 > 1. Furthermore, for the near-horizon geometry to be considered
locally flat one must require r. < R implying that £ < N, given that g; < 1. With this one
concludes that we must require,

1<k N . (2.28)

The charge radius can also be written in terms of the parameter x, which when using (2.23) reads
re = Ri'/%. Therefore, requiring the near-horizon geometry to be locally flat when compared to the
two background scales 7. < R and r. < 1/T one obtains

k<l , RT<kK® . (2.29)

The latter condition, imposing a very loose upper bound on the temperature of the black hole, is
only present in the case v = 1. In terms of the 't Hooft coupling the former condition simply implies
that A < N?2. These conditions had already been derived in [26].

e One needs to further require that variations in the local temperature along the string are small
compared to the background temperature, i.e.,

. T Te (nTo)

= +
T~ RJF | Rf?
In the case v = 0 this condition reduces to r. < R, which has already been ensured by taking

<1 . (2.30)

k < 1. In the case v = 1 this is also satisfied when the distances are such that o < zg, otherwise,

1/9

for small x and for distances o ~ zy one finds zg — o > k*/7zy. In particular, this implies that for

~ = 1 the approximation breaks down for distances close to o ~ o..

e One should also require that the black string is thin compared to the local extrinsic length scale.

For this one evaluates the scale of the extrinsic curvature via®

R(1+ f2'(0))*"?
o fl)

where K? = v K ,” is the mean extrinsic curvature and N, » is a unit normalised covector orthogonal

Lext(g) = |Kpr|_1 = (231)

to Wa. The length scale Lot (o) is minimal when o = 0. In the confined phase we find that for any
00, including o, imposing r. < Lext(0)|y=0 implies again r. < R, which has already been ensured.
In the deconfined phase, for distances ¢ < zp one again finds r. < R but for distances o ~ zg
one finds that Ley(o.) ~ r. and hence the approximation breaks down. One should then require

20 — 0 > k192 as above.?

8In evaluating (2.31) we have ignored derivatives of the metric since we have taken into account the variations of the
background. One can explicitly check that the regimes of validity do not change if one considers these variations in (2.31).

°In general, besides the length scale of variations of the extrinsic curvature (2.31), one should also consider the length
scale of variations associated with the intrinsic curvature of the world volume (2.16). It is a straightforward exercise to check
that the intrinsic curvature scale is of the same order as (2.31).
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We note that in the confined phase, in contrast with the deconfined phase, the approximation does not
break down near o ~ o. and is valid all the way up to o.. The reason for this is simple. In the deconfined
phase, the presence of the black hole introduces large gradients in the curvature near its horizon which
induces large gradients in the extrinsic curvature and local temperature of the black string. On the other
hand, in the confined phase, there is no horizon and large gradients are not present as one approaches the
centre of AdS.

The straight string with 2’(c) = 0 leads to a divergent L.,:(c) and hence also satisfies the validity
requirements. In the confined phase, the Polyakov loop can be extended all the way to o, but it cannot end
there as it would not satisfy the boundary conditions (2.2). In the deconfined phase the approximation
breaks down near o, but if it did not then the string could at most extend up to o., which would again
not satisfy the boundary conditions. We therefore conclude that, the Polyakov loop at finite temperature
cannot be constructed using this method.

Finally, we comment on the branch of solutions connecting to uncharged black strings (o = 0). In
this case the relevant scale characterising the black string is the energy density radius re ~ rg. Using
Egs. (2.5)-(2.7) and imposing r. < R one finds that one should have

U%\/f(a) <1 . (2.32)

However, for finite T" as it is required for this branch of solutions, one sees that near the boundary o ~ 0
the radius r. diverges and the condition above cannot be satisfied. We thus conclude that this branch of

solutions is beyond the scope of our method.

Regularized free energy and large N expansion

We now take a closer look at the free energy (2.17) and deduce some analytic results in a large NV
expansion. As noted in [26], the free energy (2.17) can be rewritten, using Egs. (2.5)-(2.7) and the
AdS/CFT dictionary, as

%0 dg 1
) = VIET —(1—-X)v/1 ()2 X=1- ha - ——M 2.
Flz(o)] Ak /0 &2( ) +f2'(6)* tanha 6sinhacosha ’ (2:33)

and diverges at 0 = 0. This divergence at ¢ = 0 corresponds to an ultraviolet divergence in the gauge
theory and can be dealt with by subtracting a piece to the free energy with the interpretation of being
the mass of the W-boson in the gauge theory. The prescription developed in [26] consists of introducing

the infrared cut-off 6.y and subtracting the piece
Geut &
Foup = \/TkT/ 90_x) (2.34)
0 g
such that the free energy difference AF can be written as
AF = F — Faub = Floop — 2FP (2.35)
where

Fioop = VKT (—1 + /:0 do ((1 — X)W1+ (o) — 1)) , (2.36)

b0 62

11



is the regularised free energy associated with the Wilson loop configuration and

1 1 Teut g
Fp = —ix/ka ( - +/ UX) : (2.37)
0

2
Ocut g

is the regularised free energy associated with the Polyakov loop. One then needs a prescription for fixing
Ocut, which can be done by letting &.,+ asymptote to 6.. However, one should pay attention to the
following facts. As explained previously, Polyakov loops with x # 0 are outside the regime of validity of
this approach so one cannot trust the expression (2.37). On the other hand, in the strict case k = 0 the
expression (2.37) can be trusted since the validity requirements are satisfied. In this case one can expand
the function X in powers of k ending up with a result that vanishes when £ — 0. In the deconfined phase
we have that 6. = 1 when x = 0 and in the confined phase 6. — oo when k = 0, therefore one finds in
general that for k = 0 one has

1
Fp = —ivﬁ kT (2.38)

which in the case v = 0 is in agreement with [14] and in the case v = 1 in agreement with [26]. One can then
argue that this result is valid for all kK < 1 [26]. Assuming that the free energy is linear in T for any & (this
is an assumption made implicitly in [26]), the free energy (2.37) must be of the form Fp = VAkTa(k)
for some function a(k). Therefore, using Eq. (2.13) one finds the entropy Sp = —v/Aka(x) which is
independent of T since k is independent of T. However, at zero-temperature the solution obtained with
an extremal probe (k = 0) and with a non-extremal probe (k # 0) must be equivalent to each other, as
illustrated in the diagram of Fig. 1. Therefore we see that we must have in general a(x) = a(0) = v and
hence that (2.38) is valid for all x < 1. 1*

We now take a look at (2.36). Since solutions are valid for k < 1 we can analytically expand (2.36) in
powers of k. An expansion in k means an expansion in large N according to (2.27) but also an expansion
around 7 = 0, meaning that an expansion in inverse powers of N necessarily requires turning on the
thermal degrees of freedom of the black probe. In order to proceed further we note that an expansion
around 7 = 0 can be recast as an expansion around o — oco. Introducing ¢ = cosh? o in (2.23) and
expanding it around ¢ = oo one finds

&6 1 1 1
TER B aF &R +0(¢7°) . (2.39)
Solving this for ¢ and expanding it for small x one obtains
[ 1 5 &K

EENCE S rr R (2.40)

Using this expansion one can obtain an analytic result for the distance L between the endpoints of the

cosh? o =

black string for small 6, which in the dual gauge theory is interpreted as the length of the quark-antiquark

"However, in general one could consider finite temperature corrections in small T' of the form kv AT(RT)™ b (x) with
m > 0, b, (0) = 0 and k < 1 (since small T' means that the probe is near extremal). In order to accommodate these possible
corrections and obtain the result (2.37), one must require that the (m + 1)’th derivative for all m with respect to T of (2.37)
exhibits the same behaviour in the limit 7' — 0 for all k, implying that b,, (x) = 0. The Polyakov loop at finite temperature
has a supergravity description in terms of two straight black strings. We see that this requirement implies that the black
string entropy is independent of T for small temperatures, which may be a very strict requirement. Even though we use
this type of argument throughout this paper, we note that none of the results obtained here are affected by this except the
analysis of possible phase transitions from the Wilson loops/surfaces to Polyakov loops/surfaces.
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pair,

_ 2 [ 0x(6) _ 2v2r N7 Y )
LT—W/0 96 (L) 0+<3F( 03 —6> ﬂaé—vmag’+0(ag)+0(m) . (2.41)

From this expression we see that for small distances LT one needs a small bulk depth 6g. Furthermore,
one sees that the effect of the black hole background only enters at order 67 and hence the leading order
correction to LT comes from the thermal degrees of freedom of the black probe. One can perform a
similar expansion in Fjoep and find

-FIOOp \/_‘k'T (fr % (%) i fF % 2\/_‘4‘ FF(%)

(})0 6I(3) L(3)

—————22965 + O(k) + (’)(63)) . (2.42)

Again we see here that the leading order correction comes from the thermal degrees of freedom and not
from the background. We now invert (2.41) and introduce it in (2.42) in order to find

VK [ 4n? F(%)4
P(l)4 +

-7:100p = -

L 96

3F(1)4
VE(LT)? 4+~ T A (LTt + ) . (2.43)

First we note that the combination JFj,,p L only depends on the scale invariant combination LT, exhibiting
the conformal symmetry of the dual gauge theory. Secondly, the leading order correction in LT is due
to the properties of the probe and not of the background. This means that this correction term is also
present in thermal AdS. A comparison between the last two terms present in (2.43) tells us that the term

proportional to v will be sub-leading if [26]

\/E‘)\l/Al
N )

LT)ym < (2.44)

which requires small enough temperatures. One also sees that in the strict limit N — oo the correction
due to the background is dominant. From (2.43) we can also compute the black string entropy and mass
using (2.13),

1 1\4
Stoop = gk ( ;42) VK (LT)® + ?’Fio) (LT)* + ) , (2.45)
1\4 1\4
Mioop = —\/fk (éf; + F(Z‘Z) V& (LT)? + 73F§§> (LT)* + > : (2.46)
4

Comparison between phases

We now compare the distance between the quark-antiquark pair and the free energy in both phases. We
begin by solving for the distance LT numerically for small values of k. This is shown in the figures below.
The dashed black line represents the value of LT for x = 0. This can be obtained exactly analytically

2\/277 135
LT|.— 1— F A 2.47
k=0 = RO Y64 2 1<2 Vi ) (2.47)

From the figures below one can see that in both phases, there is a critical distance 6. beyond which the
solution terminates. In the confined phase, this difference is more pronounced when compared to the

13



K = 0 case since in this case the extremal probe method tells us that the black string can extend all the
way to the origin of AdS.

0301

14r

LT 12f LT 0.25;
020
0.15;

010f

005[

[ -

0 e S S O Y S SR
0.0 0.5 10 15 20 25 30 354

a0
Figure 2: On the left is the plot of the distance LT as a function of 6¢ for k = 0.01 (yellow line), k = 0.001
(red line) and k = 0.0001 (blue line) in the confined phase. The dashed black line is the result obtained
for an extremal probe (k = 0). On the right there is a plot for the same values of x in the deconfined

0.

00
0.0

phase, previously obtained in [26].

We also analyse the free energy difference AF in both phases. This is depicted in the figures below, in
which we have represented with a dashed line the result obtained for £ = 0 which can be found analytically,

232 (1 — 58 131
AF|co = VKT <7— f”A (1=7%) @, < 3 -wé)) . (2.48)
g

2474’

-0.22

LAF |
VXK 023

-0.24
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0.0 0.5 10 15 20 25 3.0 354

Figure 3: On the left is the plot of the free energy difference % as a function of g obtained numerically.

The dashed black line is the result obtained for an extremal probe (k = 0). On the right there is a plot
for the same values of k in the deconfined phase. The colour coding is the same as for the distances LT
presented in the previous figures.

We can see that black strings in thermal AdS do not exhibit any phase transition to the Polyakov loop
and hence are always the preferred configuration at a given temperature 7. On the other hand, in the
deconfined phase, a transition occurs around the value 6y ~ 0.65. This describes the onset of the Debye

screening effect.!!

"See Ref. [26] for a detailed description of the deconfined phase.
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In the thermal AdS background we see that the differences between the extremal probe method and
the black probe method are significant as the free energy varies significantly compared to the constant
value obtained for k = 0. One should note that in thermal AdS, as in the case of a black hole background,
there is a double scaling limit (x — 0) that makes the probe extremal while still being in thermodynamical
equilibrium with the finite temperature background. In thermal AdS, however, this limit leads to the same
results as if it were probing AdS at zero-temperature, hence highlighting the qualitative new features
between the extremal and black probe methods.

oz LAF
LA F Ak ow 0.65 0.10
VAk
-0.23
005
-0.24- 010
-0.251 0.15
-0.26 L L L L L | 0.20
0.0 0.2 04 0.6 0.8 10 12
025
LAF

Figure 4: On the left is the plot of the free energy difference g asa function of LT obtained numerically.
The dashed black line is the result obtained for an extremal probe (k = 0). On the right there is a plot
for the same values of « in the deconfined phase.

One can also plot the free energy differences with respect to LT. This is depicted in the figures above.
This again confirms that there is no phase transition occurring in thermal AdS while in the black hole
background one finds the Debye screening length [26]

(LT)|y=1.27—0 ~ 0.240038 + 0.0379706y/ . (2.49)

The analysis presented here will serve as a means of comparison with our black string constructions in
thermal Schrédinger in the following section.

3 Black strings in Schrodinger

In this section we construct three different types of black string configurations in thermal Schrédinger, two
with spatially separated boundary endpoints and another with null separated boundary endpoints. The
first configuration interpolates between the black string in AdS constructed in the previous section and
a second configuration, which has no AdS counterpart, as the deformation parameter ¢ is continuously
increased.

The background we consider has Schs x S° asymptotics and is obtained via a null Melvin twist of the
extremal D3-brane and subsequently taking the near-horizon limit [3, 4, 5]. The resulting spacetime is
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Schrédinger with dynamical exponent two'? and metric'?

R:[ /2

2 2 2 2 2 1002
ds® = 2 —;dt + 2dtdg + dz” + dxj | + R7dQ (3.1)

where ¢ is the boundary null coordinate and ¢ = 1,2. The boundary is located at z = 0 and the origin
at z = oco. The parameter £ is defined as ¢ = BR? with 8 having dimensions of inverse length. The
choice 8 = 0 brings us to AdS in null coordinates. Either by a boost in the (¢,£) plane or by a uniform
rescaling of all the Schy coordinates (these two operations differ by the characteristic anisotropic dilatation
symmetry of Schy), the parameter ¢ can be scaled to any particular value. When placing a configuration
at finite temperature T or with characteristic length L in (3.1), this implies that physical quantities are
characterised by the dimensionless temperature T and the dimensionless length L defined as

T=T¢ , LE%. (3.2)

In this sense, the parameter ¢ introduces a new reference scale into the problem, as the black hole horizon
introduced a scale via its mass in AdS. The null Melvin twist also generates a By field of the form

RQ
By = 20— (dx + A) Adt A = dsga + (dx + A)? (3.3)

where A is the 1-form potential for the Kahler form on P?. However, we will always consider configurations
at fixed coordinates in the five-sphere and hence couplings to the field By are absent throughout this
paper.

We also note that we will only consider “thermal Schrodinger”, the Schrodinger analogue of “thermal
AdS”, and not consider the black hole background with Schs x S° asymptotics that one obtains via the
null Melvin twist of the non-extremal black D3-brane [3, 4, 5] because in this case a non-trivial dilaton is
generated in the process and how exactly a black probe couples to a background dilaton field is still to be
worked out.'* In [13] it was shown that in Schs x S° there is a Schrodinger analogue of the Hawking-Page
transition to a black hole background (from global Schrédinger [11] to the null Melvin twist (TsT dual)
of the (asymptotically plane wave AdS) MMT black hole [3]). As long as we are at sufficiently small
temperatures, the preferred phase will be thermal Schrodinger. We will then compare our results with
those for thermal AdS black strings found in the previous section.

3.1 Interpolating black strings with spacelike separated boundary endpoints

In this section we construct the Schrodinger geometry for which its AdS counterpart was analysed in
the previous section. This geometry interpolates between the AdS result, where £ = 0, and a purely
Schrodinger geometry, which will be studied in detail in the next section, when ¢ is very large and the
spacetime is highly deformed compared to AdS. In order to do so we introduce a new set of coordinates

', ¢ such that . .
t:ﬁ(t—g) : £=ﬁ(7ﬁ+f) : (3.4)

12Unfortunately, dynamical exponents for Schrédinger spacetimes are commonly denoted in the literature by z, so in this

case we have z = 2.

3Here we have followed the conventions of [4], however we have taken the parameter 3 defined in [4] and rescaled it such
that 8 — 1/4/28 to avoid keeping track of factors of 2 in the metric.

“These couplings will be dealt with in [38].
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The metric (3.1) then takes the form

, R n o & 2 2 2 2 1002 ¢
ds* = = —g(z)dt” — ?dt g + (1 - 2z2> d§"” + dz" + dai | + RdQ) , g(z) =1+ 5.2 (3.5)
We see that if we take £ — 0 we obtain the metric (2.14) with v = 0 where ¢’ is identified with ¢ and &’
with 3. We now want to consider the analogous configuration as in the previous section where the string
is stretched along the z-direction from the boundary to the bulk at z = oy and back to the boundary at
z = 0. For this we chose the embedding map

=7, z=0 , my=az(0) , €=0, ;=0,Vi=2,3 , dQz =0, (3.6)

which leads to the induced metric

Yapdodo® = fj (—g(o)dr* + (1 +2/(0)*)do?) (3.7)
and reduces to (2.16) when ¢ = 0. Furthermore the pullback of the timelike Killing vector field dy onto
the world volume W, yields k = (R/0)+/g(c) . Indeed we see that if ¢ = 0 we get k = R/o which is the
result obtained in AdS when v = 0, while if we take £ to be very large we get k ~ R{/(0?) which gives
rise to a qualitatively different behaviour. This latter case deserves special attention and will be analysed
in detail in the next section.

Using the above induced metric in (2.12) we find the free energy

3 _RB

6 rog
Flz(o)] = —2A (M> /0 do/1+4+2'(0)? Z(o) , Z(o)= ﬁg(a)

%1+6sinh2a

, 3.8
cosh® o (3:8)

which when varied and imposing the conditions z’(¢) — 00 as o — o¢ leads to the solution for z’'(o)

/(o) = ( ZZ((;)); - 1>_ . (3.9)

These solutions are valid solutions when certain requirements, which will be derived in the next section,

=

similar to those obtained in Sec. 2.2 are imposed. The case at T' = 0 already presents itself as a very
interesting one and difficult to track analytically. In that case we have

6 2
A(%?’T) 200 = 0y al) (3.10)

One may now attempt to obtain analytic expressions for the distance between the boundary endpoints
in terms of the bulk depth. However, this is not possible to obtain analytically for all values of the
deformation parameter but only in the case 2 = 0 and in the limit /2 — co. One may also attempt to
expand the sought after quantities for small and large ¢? but it turns out that such series expansions in ¢2
do not converge for the functions that we are dealing with.'® Therefore, we need to analyse the problem
numerically. For this we consider the regularised free energy, obtained by subtracting to (3.8) a piece

Fa = V3% [T LT 01- ) | (3.11)

15The reason for this is that the spacetimes with £2 > 0 and ¢? < 0 are very different.
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where X was defined in (2.33) and X — 0 as T'— 0. The resulting free energy takes the form

k 9 do
EOOPZ\/X; <h(do)+ gs/g(o*) ((1—X)\/1—$/(0')2 —1)) , (3.12)
0
where we have defined the function h(og) as
/02 1 952 arcsinh(—%—)
h(oy) = 21 L;O + \/Qﬁﬂ (3.13)
2\ V202 ‘

The Polyakov loop configuration consisting of two straight strings with 2/(o) = 0, following the same steps
as in Sec. 2.2, can be argued to have zero free energy for any value of £, k,T. We now obtain expressions
for the length L, computed in a similar manner as in (2.41), and Fioep as a function of og at 7" = 0. This
behaviour is depicted in the figures below.
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Figure 5: On the left we have the behaviour of the distance L as function of g at 7' = 0. The dashed solid
red line corresponds to the AdS result given by the first term in (2.41) while the dashed solid black line
corresponds to the result (3.14). The blue line represents (£/+1/2") = 0.0001, the magenta line (£/v/2) = 1,
the yellow line (¢//2") = 1000 and the green line (£/4/2) = 10000. On the right we have the behaviour
of the free energy as a function of o¢p at 7' = 0. The dashed solid red line is the first term obtained in
(2.42) while the dash solid black line is the result obtained in (3.14).

On the L.h.s. of the figure above we have shown the behaviour of the length L as a function of og
and on the r.h.s. the behaviour of the free energy as a function of oy. The dashed red line on the Lh.s.
corresponds to the zero-temperature AdS result for the length L given in (2.41) while the dashed line on
the r.h.s. corresponds to the leading order result for AdS given in (2.42). The dashed black lines depict
the result obtained analytically in the limit ¢ — oo

I3 Foopr VTLT(=})
Lltyoo = 3/mog—32 | =222 o = —— 6 3.14

which will be derived in the next section. We can see from the plots above that the behaviour for any
value of ¢ is bounded by the cases ¢ = 0 and ¢ — oo and hence between an AdS geometry and a purely
Schrodinger geometry. This means, as we will see explicitly below, that since Fjoop scales with oy ! for
¢ =0 and with o 2 for very large ¢ and since the behaviour of the curve (L,00) is approximately linear
(closer scrutiny reveals that for small values of o there is a departure from the linear behaviour exhibited
in Fig. 5), then the free energy is scaling like L~! for £ = 0 and like L2 for £ — co. Therefore we see that
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in terms of the dual theory, the expectation value of these operators is changing substantially for large
values of the deformation parameter.

We now consider the finite temperature case and for non-zero k. For these purposes we introduce the
dimensionless coordinate 6 = 770 and define the parameter £ as in (2.23) but now with f(&) replaced
by g(&) on the r.h.s. of (2.23). We further introduce the parameter £ such that
B, mre

62’ 2

9(6) =1+ (3.15)

The qualitative behaviour of the dimensionless length LT and the free energy at finite temperature is
qualitatively similar to that seen in Fig. 5, the difference being that the strings cannot extend all the way

to the bulk but instead have a maximum distance as in (2.24) given by

1
23 ~
62 = 2 d (1 +1/1+255602k3 > . (3.16)

We now solve for the free energy numerically as a function of &¢ for several values of ¢ and k = 0.001.
The result is depicted in the figure below. One can observe that, as in the case T' = 0 the results for any
{ are bounded between the AdS result and the large ? result.
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Figure 6: The free energy as a function of 6¢ for K = 0.001 obtained numerically. The red dashed line
is the result obtained for ¢ = 0 while the dashed black line is the result for £ = 100 obtained using the
results of the next section. The blue line corresponds to the case /= 0.001, the magenta line to the case
= 1, the yellow line to ¢ =10 and the green line to ¢ = 100.

The behaviour exhibited here is generic for any small value of k. The behaviour of LT as a function
of &y is also approximately linear, except near &., and hence the dependence of Fi,op, on LT shows
approximately the same behaviour as what is depicted below. We will now analyse the case { — oo in
detail.

3.2 Black strings with spacelike separated boundary endpoints

In this section we construct another class of black strings with endpoints on a boundary spatial direction.
This class of solutions, valid for any value of the deformation parameter £, meets the class of interpolating
black strings studied in the previous section when £ is taken to be very large. To that end, we go back
to the coordinates (¢,£). As in the previous cases, we fix the endpoints of the string in the z;-direction
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and stretch it into the bulk along the z-direction in the background geometry (3.1). This leads to the
embedding map
t=17 , z2=0 , m=x(0) , {=22=dQ =0, (3.17)

and hence the problem is symmetric around z; = L/2. The induced metric on Wh, using (3.1), is

ar b R ez 1 N2\ 7.2
Yapdo®do’ = 3 (—UQdT + (1 +2'(0)%)do > . (3.18)
The pull-back of the background time-like Killing vector field d; leads to a world volume timelike Killing
vector field 9, with norm Ry = k = R{/c?. This different power of o when compared with the case of
Sec. 2.2 will lead to different local properties of the black string. In particular we see that when £ — 0
we get k — 0 and hence these solutions have no AdS counterpart. In terms of the dual DLCQg field
theory, these presumably correspond to operators that are well defined in the S-deformed DLCQ theory
but are singular in the conventional DLCQ of the theory (due to the notorious zero mode problem, see
e.g. [40, 41]).
The free energy takes the same form as in (2.17) but with a different function H (o)

3

_ R3"1+6sinh*«
27T N

)6/000610 TP o) L Ho) = g

, 3.19
cosh® o ( )

Fla(o)] = —24 (

where the overall factor of 2 in the free energy is again due to the fact that the string is stretched all the
way from (z1,2) = (0,0) to (z1,2) = (L/2,00) and back again to (x1, z) = (L,0). The equation of motion
that follows from varying (3.19) is

( (o) ) ~0 . (3.20)
1+2'(0)* H(o)

As in the AdS case, we consider solutions for which z/(c) > 0 and which satisfy the boundary conditions

2(0) = 0 and 2'(0) — oo for o — 0. This gives rise to the solution

(o) = <§(:)); — 1) : (3.21)

NI

We note that in thermal Schrodinger there is also an analogous solution to the Polyakov loop in AdS,
characterised by two straight strings stretched from the boundary to the bulk with 2/(0) = 0, trivially
satisfying (3.20). The boundary conditions (2.2) must also be satisfied. In this case, the unit normalised,

orthogonal covector to the world volume boundary is

nydo® = E\/ 14 a/(0)?do . (3.22)
g

Evaluating (2.2) explicitly at the boundary o = 0 leads to

(1+6sinh*a) o 2

o
T = i TO N = — = 2
Tolo=0 @1 6sinhacosha R 05 J™Molo=0 = R¢ 0 (3.23)

where we have used the fact that H(o) — oo when o — 0. The same result holds for the straight string.
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Critical distance and regime of validity

As in (2.23) one can define the parameter x via the relation

290, 1 sinha T
_ — . 5 — 5. 3.24
" 3"ARS  6'2cosh®a g T 12 o ( )

The rescaling of the coordinate o was chosen such that x has no dependence on the temperature and
remains the same as in the AdS case. This leads us to the result for the critical distance &,

win

o=

2
~2
O = —5 K

(3.25)

ot
Sl

The largest scale characterising the probe is r. = Rk'/% and the validity of the supergravity approximation
still requires (2.28), while the requirement r. < R again yields £ < 1. Furthermore, one must have that
the local temperature variations compared to the background temperature must be small, i.e.,

7

T o
TC? = 2TCH <1 . (326)

Near the boundary this is trivially satisfied, while for o ~ o, we obtain the requirement

e (L) o

which just implies a very mild bound on the ratio ¢/T, in particular, for low temperatures this is easily
satisfied. One further needs to require that the string is thin compared to the extrinsic curvature length

scale Leyt given by
_ R(1+x’(0)2)3/2
Lex = |KPN | t="22 2 3.28
[S t(U> ’ P| p |l‘”(0’)| ( )
The minimum curvature is attained when o = ¢ and requiring r. < Lext(00 = 0.) just results in r. < R
which has already been imposed. We thus conclude that these black strings in thermal Schrodinger are
valid solutions all the way up to ¢ = g.. We further note that the Polyakov loop in the case k # 0, as in

AdS, lies outside the regime of validity of the method we are employing.

Regularized free energy and large N expansion

The free energy (3.19) using (2.7) and the AdS/CFT dictionary can be written as

Fla(3)] = VKT /0&0 O )T TG, (3.29)

53

where X was defined in (2.33), and diverges at the boundary ¢ = 0. Applying the same prescription as
for AdS, we subtract a piece

53

Faub = \/TkT/ Mo xy (3.30)
0

such that the free energy difference AF can be written as AF = F — Fqup = Floop — 2Fp, Where

Fioop = VKT (—1 + /0&0 Z—‘Z ((1 —X)/1+2(5)2 - 1)) , (3.31)

~2
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Fo = —V/NET ( 1y /U ﬁlax> . (3.32)
2 2UCut 0 0'3

Using similar arguments as in the AdS case, relying on the independence of x on T" and demanding the
results at T' = 0 to coincide for both the extremal and black probes, one concludes that Fp = 0 for any k.
In order to obtain analytic results, we now proceed and make a similar expansion as in (2.39) and solve

for ¢ obtaining
1 1 5

With this in hand we can compute the total distance between the boundary endpoints to order O (k)

G0 ~ (3
LTz = 2/ dx(f) — 36 (i’)
0 dO' F(g)

cosh? o =

(1-65vE +0(r) (3.34)

where the dimensionless parameters L and T were introduced in Eq. (3.2). The leading order result in
(3.34), when written in terms of o( leads to the result presented on the Lh.s. of (3.14). Similarly, we can

expand (3.31) in powers of x, obtaining

T (=% 4,
Floop = ﬁkTg/;% F(( 3) <1 + =68k + (’)(n)) , (3.35)

for which the leading order term, when written in terms of g yields the result presented on the r.h.s. of
(3.14). Inverting now (3.34), introducing in (3.35) and expanding for small x and small L we find

Floop = —2v/7 SLOT° + O(k) + 0<L10)> : (3.36)
where we have defined Fioop = Floopl. We see that the free energy has a different structure when compared
with the free energy in AdS (2.43). In particular it scales with L™2, as advertised in the previous section,
while temperature corrections come in powers of LT2. The combination .7-'100pL2 is scale invariant and
also LT%, therefore we see that the quark-antiquark potential in Schs x S° is capturing the conformal
invariance of the dual non-relativistic CFT.

With (3.36) in hand, we can evaluate the black string entropy and mass using (2.13). Specifically, we
find

g LOT? + O(k) + O(L1°)> : (3.37)
3

— LOT® + O(k) + O(Llo)) (3.38)

where we have defined M = M.

We now use a mixture of analytic and numerical methods to obtain the solution space of these black
strings. We begin by solving for the distance LT numerically, which is depicted on the L.h.s. of the
figure below.
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Figure 7: On the left is the plot of the dimensionless distance /7 LT? as a function of /7 aq for k = 0.01
(yellow line), k = 0.001 (red line) and x = 0.0001 (blue line). The dashed black line is the case k = 0.
On the right hand side we have /7’ LT? as a function of \/7 &g, where the thick blue line represents
# = 0.0001 while thin orange line represents the analytic expansion to order O(x%?) given in (3.39).

The dashed black line in the Lh.s. of the figure above represents the result for an extremal probe
obtained by setting x = 0 in (3.34). The dependence of the dimensionless distance on the bulk depth &9
is similar to that seen in thermal AdS in Fig. 2. In order to describe these curves analytically for small
we can expand the dimensionless distance to O(k°/2) in order to find

F( ) 83 10471 820955
LT? — 35 1_ 46 _ 7~12 18 3/2 ~24 2 (’)( 5/2) 3.39
= 00 T )< 0V = 551707 262070~ gmsana®0 & O R ;o (3:39)
where we have used the fact that to this order
1 1 5 5 385 19
h2 o = _ L9256 9 12 ~18 3/2 524,.2 52\ A
oSO = e e 4 30 VP T P ouu” T T T O( ) (3.40)

Using (3.39) we have drawn the thin orange curve in the r.h.s. of the figure above. As seen from the plot,
the expansion (3.39) captures all the essentially features accurately up to values o ~ o.. This behaviour
is generic for small values of k. We can perform a similar expansion in the free energy (3.31) obtaining

1
2 1
Floop = szTW 3 )< \F+ 5 562k + 7955 s1s, 51805 53%%0(&5/2)) . (3.41)

652 T(1) "7 3931270 " T 689472

Below we show the behaviour of Figep using (3.41) and (3.39) as a function of the bulk depth and as a
function of the dimensionless distance between boundary endpoints.
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Figure 8: On the left is the plot of A\/EI’; , where AF = Fio0p — Fwi, as function of 6y and as a function

of LT? on the right. The colour coding is the same as on the 1.h.s. of the previous figure. The dashed

line is the result for x = 0.
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The black dashed line depicted above is the result for k = 0 which using Eq. (3.41) is given by

A.?-'L2| _3AT(=TG)
ANk 0T eet T3

From the above figures, it is clear that, as in thermal AdS, there is no phase transition in thermal

(3.42)

Schrodinger and hence the black string configuration is always preferred compared to the Polyakov loop.
When working in thermal Schrodinger spacetimes we will use the term “phase transition” in this sense,
i.e. we analyse possible phase transitions representing the onset of Debye screening effects, by which we
mean transitions from Wilson loops to Polyakov loops.

3.3 Black strings with lightlike separated boundary endpoints

In this section we consider black strings with lightlike separated boundary endpoints which have no AdS
counterpart. In this case we fix the endpoints of the string in the null &-direction of the metric (3.1) and

stretch it into the bulk along the z-direction. The embedding map is now
t:T, Z=0 , {Zf(d) s $1:$2:d9(5):0, (3.43)

rendering the problem symmetric around £ = L/2. With this we find the induced metric which is now

stationary

R2 52
Yapdodo® = = ( dr? + 2¢'(o)drdo + d02> , (3.44)

o2 o2

and the corresponding free energy

Fle(o)] = —24 (2;’T>6 /0 " doy 1+ ‘Zg/(a)z Ho) | (3.45)

where H (o) was given in (3.19). Here, we have used the fact that the norm of the Killing vector field 0,

on the world volume is k = R¢/o?. The equations of motion that follow from (3.45) are
/

°¢'(0) H)| =0 . (3.46)

\/1+ 560

We look for configurations that stretch from the boundary to oy and back again to the boundary and

that satisfy £'(0) > 0 as well as £(0) — oo as 0 — 0¢. In this case we obtain the solution

, o*H? (o a2\~
(o) = (%(Z;HZ’((U)O) - £2> . (3.47)

D=

We note that the equation of motion also admits a solution of a stretched string £’(o) = 0 analogous to
the Polyakov loop.

The boundary conditions (2.2) are also satisfied. In order to see this explicitly, we construct the
normalised orthogonal covector to the world volume boundary

R | o2
nmydo . 1+ 525 (0)?do . (3.48)
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Evaluating the boundary conditions (2.2) explicitly leads to the same results as in (3.23), however in this

case we have an extra component of the stress-energy tensor that must also be considered

(1 + 6sinh?a) o°

!
2yl = A4
16 sinh a cosh o R€2§ (0)=0, (3.49)

TTU"?U ‘(r:O = _Q

where we have used the fact that ¢(¢) — 0 when o — 0. The same result holds for the straight string.
We have established the existence of this type of black strings in Schs x S° but we need to make sure

that they lie within the regime of validity of our approximation. This analysis is in fact the same as in

Sec. 3.2, in particular the critical distance &, remains unaltered. The only difference resides in the specific

details of the extrinsic curvature length scale. In this case we find

(1+¢&(0)*)?
§'(0) +&'(0)? — a8"(0))]

The minimum curvature scale is found at ¢ = 0g. It is easy to check that for small «x either for oy ~ 0

Lext(0) = R (3.50)

or o9 ~ 0. we find that Lexi(0g) ~ R. This requires that x < 1, which has already been imposed. We
conclude that these black strings are valid solutions all the way up to o..
Regularized free energy and large N expansion

As in the previous cases, the free energy (3.45) can be rewritten as

FIE(3)] = VKT /0 T X)) (3.51)

53

and diverges at ¢ = 0. In order to deal with this divergence we subtract the piece (3.30) obtaining the

regularised free energy

Floop = VAET <—2;8 + /060 do ((1 - X)V1+462¢(5)% — 1)) , (3.52)

53

while Fy in (3.32) still vanishes using the same type of analysis. We can now use the expansion (3.33)

in order to evaluate the distance between the string endpoints

% 95 269
L:2/0 dG g(;) :g—%\/;—k(’)(n) . (3.53)

This expression is significantly different than what we have encountered before. First of all, in the case of
an extremal probe (k = 0) the distance between the endpoints does not depend on how much the string
is stretched into the bulk. Secondly, the distance decreases for increasing bulk depth 6y and non-zero k.
Thirdly, it does not depend on the temperature 7. Performing a similar expansion in (3.52), inverting
(3.53) and introducing in (3.52) leads to

_9L)2\ 3
:F'loop = _\/X‘]fT <9(7T272L)) Iﬁ% + O(H) s (354)

which is again qualitatively different than in the previous cases, namely, it is temperature dependent and
the first correction is proportional to x5 and vanishes for zero x. This configuration is thus more sensitive
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to corrections due to the internal degrees of freedom of the probe. This indicates that black probes can
be used to distinguish Schrédinger spacetimes from AdS in null coordinates.'®
We can also evaluate the black string entropy and mass using (3.54) and (2.13),

S =v\k (W) K+ O(k) —VXET (“’;m> Ko+ O(r) (3.55)

yielding an entropy which is finite, independent of T" and vanishing when x = 0.
In order to depict the solution space, we solve numerically for the length L obtaining the figure below,
which is accurately reproduced up to values o ~ o, and for small x by the following expansion

5(7856 — 2079
LT 6¢ﬁ+n4f(2ar+%ww¥n— ( ™) 545,08/2
5 384 36288 (3.56)
+_5(2063061ﬂ'—»7178240)&§4R2_+_C)<ﬁ5/2> '
02897287
L 1.6

0.0 0.5 1.0 1.5 6’0
Figure 9: The dimensionless distance L numerically obtained as a function of &y for k = 0.01 (yellow
line), k = 0.001 (red line) and x = 0.00001 (blue line). The dashed line represents the result for x = 0.

As we can see from the figure above, the maximum length is achieved when x = 0 for which we have
from (3.56) that L = /2 and then decreases for increasing 9. We can also expand (3.52) to higher
orders and obtain

floop 1 16 3 2
_ + —(—128 + 33m)54% — —— (4112 — 1155 /
VAET ToVH 384( )50~ G4 7 (3.57)
(483328——99315w)&82ﬁ2%_c)(Hp/Q) ’
5308416

which we can use to study phase transitions when comparing it to the Polyakov loop with vanishing free
energy. This is depicted in the figures below.

The form of the free energy (3.54) is of a rather different nature when compared with, e.g., (3.36). This suggest that
perhaps the correct interpretation of L in (3.54) is not as length but instead as a conserved particle number (see Ref. [7] for
a discussion of this matter).
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Figure 10: On the left is the plot of \/%j]:,r as function of 6y and as a function of L on the right obtained
using (3.57) and (3.56). The colour coding is the same as in previous figure. The dashed line is the result

for k = 0.

We can see from the figures below that AF < 0. Therefore there is no phase transition. As a function
of L, the free energy decreases for decreasing L which is in stark contrast with the previous cases. Since
we now have three competing configurations given by (3.41), (3.32) and (3.57) regularised int the same
way, one may wonder which is the preferred configuration for a fixed temperature and &y. Indeed, as
seen in the figures below, the preferred configuration is always the black string with boundary endpoints
spacelike separated. On the Lh.s. we have plotted the free energies (3.41) and (3.57) as a function of the
bulk depth &g while on the r.h.s. we have plotted the difference between (3.41) and (3.57) which we have
denoted by AF (1.

Tloop / AT“Q) “r
VXET -0t VKT

Figure 11: On the left is the plot of Floep/ (\/X kT) as a function of &g for x = 0.0001 for black strings
with free energies (3.41) (blue line) and with free energies (3.57) (red line). The qualitative features of
this plot are the same for any small value of k. On the right is the plot of the difference between both,
denoted by AFis.

From the graph on the L.h.s. we see that the two configurations occupy two different regions of
solution space without meeting each other and, in particular, the black strings with spacelike separated
boundary endpoints always have lower free energies. From the plot on the r.h.s. we see that the difference
AF1s is always negative, meaning that black strings with free energies (3.41) are always the preferred

configurations among the two.
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4 Black membranes in M-theory

In this section we consider black membranes stretched into the bulk of the M5-brane background ending on
one-dimensional strings. At zero temperature, these configurations, known as Wilson surfaces, have been
constructed in [14] and their dual interpretation is that of the phase factor associated to the propagation
of a very heavy string on the brane. At finite temperature, these solutions have been constructed in [32]
using the extremal probe method. Here we will begin by constructing such Wilson surfaces in AdS7 x S*
using the black probe method, both in the presence of a black hole and without it, and then proceed to
construct analogous configurations in thermal Schy x S%.

4.1 Black membranes in Anti-de Sitter

We consider the M-theory background of N coincident black M5-branes with metric

s R 2 “1;.2 2 R* 2
ds’ = =5 (= f(2)dt* + f(2)7'dz" + dai) + —-dQy » f(2)=1-775 (4.1)
0

where ¢ = 1,...,5 and the horizon radius z is related to the temperature 7' via zp = 3/(277T). The
boundary of AdS is located at z = 0. The parameter v was introduced as in Sec. 2.2 to distinguish
between thermal AdS (v = 0) and the AdS black hole (v = 1). We now wish to construct a configuration
of a stretched black membrane along the z-direction and whose boundary endpoints are one-dimensional
strings placed along the x4y direction with length L. In terms of the world volume coordinates (7,0, 02),

the embedding map is given by
t=7, z=0 , m1=x(0) , ¥a=09 , T, =0Vi=3,45, dQy =0 . (4.2)

The membrane is stretched from the boundary at (z1,z) = (0,0) to the bulk until (z1,z) = (L/2,00)
and back again to the boundary at (x1,2) = (L,0). The problem is symmetric around z; = L/2 and also
translational invariant along xo so this direction can be integrated out and plays no role in the problem.

The induced metric becomes

2
Yasdodo® = 1 (~f(0)dr? + (f(0) " +'(0)2)do +do3) | (4.3)

while the norm of the timelike Killing vector field on the world volume is k = R+/f /o. The probe black
membrane being stretched carries a Q2 charge, which in D = 11 requires n = 6 in Eqs.(2.5)-(2.7). The
free energy (2.12) can then be written as

3

6 oo 9
Flz(o)] = —2AL (M> /0 do\/1+12'(0)? F(o) , F(o)= %f(a)

31+ 6sinh? o

, 4.4
cosh® o (44)

where we have integrated along the direction o9 yielding the overall factor of .. The solution to the
equations of motion that follow from (4.15) is identical to (3.21) but with the function G(o) replaced by

F(o), i.e.,
oy (F@F@P N
v0) = (F D ps @) (45

where we have imposed 2'(c) — 0o as 0 — 0¢. The boundary conditions (2.2) are also satisfied. We

N|=

also note that the equations of motion admit a solution of the type 2’(¢) = 0 corresponding to a straight
membrane stretched from the boundary to the bulk, analogous to the Polyakov loop in Sec. 2.2.
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Critical distance and regime of validity

Introducing the dimensionless coordinate & = 2nT¢ /3, one can define a parameter & as in (2.23) via

Q2 f(&)?’ sinh a(5)
6ARS 65 cosh® a(5)

K=

, (4.6)

where f(6) = 1 — v6%. The fact that the function f(&) depends on a different power of & implies that
the critical distance will change. In particular, we have that

2/3
(18 /324 + 75\/57/?;) _ 31/355/61/3
13
62/3 (18 + /324 1 75\/5?@)

while for v = 0 we obtain again (2.25). We see that the membranes in the case v = 1 cannot stretch all

, (4.7)

&3‘7:1 =

the way to the horizon for non-zero &, i.e., 6. < 1. These solutions, however, are not valid all the way to
0. as we will see below.
The validity of the approximation requires that one can ignore quantum corrections. The largest scale

characterising the membrane is r, = RR!/6

. We therefore need to require 7. > [, which implies that
N(g) > 1 where N, stands for the number of M2 black probe membranes and where we have used the
fact that the brane tension can be written as T(,) = ((2m)PI5™1) =1, Requiring the radius 7. to be much
smaller than the curvature of the background r. < R yields the condition N) < N where N should now
be seen as the number of M5-branes that compose the background geometry.!” Therefore we must have
that

1< N <N . (4.8)

Note that in terms of these quantities, we can write &, defined in (4.6), as & = N(2)/(2N?). The require-
ment r. < R and 7. < 1/T lead again to (2.29). Furthermore, we should have small variations of the
local temperature compared to the background temperature,

(27T /3)°
“Rpn

+ 37, <1 . (4.9)

Near the boundary this is satisfied as well as in general for the case v = 0 given that £ < 1. In the case

1/3 and hence the

~v = 1 and near the critical distance we find that the l.h.s. above is proportional to £~
approximation breaks down near o.. For distances close to zy we need to require zg — o > gL/ 920. The
extrinsic curvature length takes the same form as in (2.31) and the requirement r, < Leyt (o) is satisfied

provided zg — o > r1/92.

Regularized free energy and large N expansion

The free energy (4.15) can be rewritten as

2 G0 JA
f[a:(&)]:;l?TrLNé/)Q\//\MTQ/O ;lc;(l—X) 1+ f(6)a'(6)? | (4.10)

where we have introduced the t” Hooft-like coupling Aps = N?/N ) found in [30] in the context of the

M2-M5 intersection. The characteristic N(?;/)Q dependence of M2-branes is also found in the context of

'"Here we have used the AdS/CFT dictionary R® = 2N/(71(2)).
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giant gravitons in this background [31]. The free energy diverges at & = 0 so, as in the previous cases, we
must subtract a piece of the form

Ocut
Faub = WLN3/2\/ T2/ o xy (4.11)
0

32 63

such that AF = F — Faup = Fawf — 2Fp,, where

o) dé
Fout = 7T]LN3/2\/ T2( - 8+/0 &C; ((1—X) 1+ f2'(0)? —1)) , (4.12)

142 3/2 ) /&wt do
Fp, = TNV Au T —=X) . 4.13
" 2 32 <20cut 0 a3 ( )

Here Fgyf is the regularised free energy of the stretched black membrane while Fp_ is the regularised free
energy of the straight black membrane. By similar arguments as those used for the Polyakov loop, but
now requiring configurations at 7' = 0 for any & to have the same value of 0S/9T, one finds that Fp, =
—(42/ 32)7WLN€’2/)2\/W T?/4. We can now proceed and obtain analytic results in a small & expansion.
We find that the length along the direction x; for small ¥ and small ¢ is given by

_3E) 1 (TG TE) 20(3) 0 iy 4 o
LT = ﬁ{z%)a N (F(z)+F<_(j;’))Ué\/;—’YMFg(é)ag—l—(’)(/@)+0(a§) L (414

Again, we see that the leading order correction only depends on the properties of the probe and not of
the background. The background contribution when v = 1 had already been obtained in [32]. Expanding
the free energy (4.12) for small x and L and inverting (4.14) we find

2. 2 233 _2\7(7)2
Fact = =1 VUV (577 F(i) S Ry
T (4.15)
6 3(TL)6+(’)(F;)+(’)(L8))

The leading order result agrees with the result presented in [14] and the coefficient proportional to =
agrees with the one found in [32] when v = 1. Again, the corrections due to the probe are the leading
order corrections and they enter at the same order as in the case of the Wilson loops of Sec. 2.2. On the
other hand the contribution due to the background enters at higher order when compared to the Wilson
loops of Sec. 2.2. For the black probe corrections to be leading it is sufficient to require

(TL) <<)\L ) (4.16)
M

where we have used the fact that, as noted above, & = Ny)/(2N?). This is always satisfied for small
enough temperatures, and more easily satisfied for small temperatures than in the Wilson loop case due
to the cubic factor in T'L. The combination FyyyrL? /L is scale invariant as well as the combination LT,
therefore we see the underlying conformal symmetry of the dual gauge theory.
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Numerical analysis

We now analyse the solution space in detail by solving numerically for the various quantities. We begin
by solving for the distance between the strings on the boundary for both values of . This is depicted in
the figures below.
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Figure 12: On the left we have the numerical results for the dimensionless length LT as a function of
60 in thermal AdS for & = 0.01 (yellow curve), & = 0.001 (red curve) and & = 0.0001 (blue curve). The
dashed line is the result for K = 0. On the right we have the numerical results in the presence of a black
hole.

The qualitative features are the same as for the Wilson loop of Sec. 2.2. In particular we observe the
existence of the critical distance 6. beyond which solutions cease to exist. In the presence of the black
hole, this means that the black membrane cannot stretch all the way to the horizon. The dashed curve

representing the case kK = 0 can be obtained exactly,

3T(2) 127
LT)—0 = —32 604/1 —~68 o F1 [ =, =, ;768 4.17
‘70 \/7?1_‘(%)0—0 Y00 2 1(27376770_0> ) ( )

and agrees with the result of [32] when v = 1. We now present the free energy difference between the
two configurations. On the 1.h.s. of the plot below we have the dependence of the free energy difference
as a function of 6y and on the r.h.s. as a function of LT in the case v = 1. We observe that AF
becomes positive for large values of LT, which implies a similar effect as the Debye screening effect for
the quark-antiquark pair. The exact onset can be obtained numerically and reads

LT|ar—o ~ 0.2779 + 0.1131v/7 . (4.18)
P 32AFL? A
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Figure 13: On the left we have the free energy difference as a function of 69 and on the right as a function
of LT in the case v = 1. The dashed line represents & = 0 and has been obtained in [32].
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In the case v = 0 the results are also similar to the Wilson loop as one can see in the figures below,
namely, there is no phase transition.
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Figure 14: On the left we have the free energy difference as a function of &9 and on the right as a function

of LT for v = 0. The colour coding is the same as in the previous figure.

4.2 Black membranes in Schrodinger

In this section we construct several membrane geometries in Schy x S%, obtained via the null Melvin twist
of the extremal M5-brane. This spacetime geometry can be written as [16]
R? 4 R?
2 2 2 2 2

where i = 1,..,4 and ¢?> = SR> measures the deformation of null-AdS into Schrédinger.'® As in the case
of the Schs x $% introduced in (3.1), boosts in the (¢, &) plane or rescalings of the Sch7 coordinates imply
that the physical quantities describing configurations at finite temperature and with characteristic lengths
L and L are given in terms of the dimensionless quantities

T=T7T¢( ,L==, L

L
7 (4.20)
In this spacetime we will construct four different types of stretched black membranes. The first config-
uration we construct is the analogue of the one presented in Sec. 3.1 and consists of an interpolating
membrane between the bulk dual to the AdS Wilson surface presented in the previous section and a new
Schrodinger configuration. The boundary endpoints of these configurations are one-dimensional strings
with length I and the remaining three configurations are differentiated depending on how these strings
are placed: (i) spatially extended and spacelike separated, (ii) null extended and spacelike separated, and
(iii) spatially extended and lightlike separated.

Before analysing each configuration individually, we note that all these last three configurations share
the same form of k = R¢?/23, therefore allowing us to make general statements about their validity. In
particular, we can define the parameter % as in (4.6) via

1
~ 1 sinh (o) . 2r T\ 3
_ _(*rT 421
T T8 cosh a(5) 7 ( 3 €2> 7 2

'8 Note that our parameter 3 has been rescaled when compared with the parameter 3 used in [16], namely, we have taken
the metric in [16] and performed the rescaling 8 — /2.
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where the rescaling of the coordinate ¢ ensures that % is the same both in AdS and in Schrédinger. With
this we can obtain the critical distance 6. beyond which these three black membranes in this spacetime

cannot extend

‘ o
Ol

~92
O, =

©|=

R (4.22)

ot
Blor

The remaining validity analysis of these configurations is similar to the case v = 0 studied in the pre-
vious section. One should, however, pay attention to the variation of the local temperature r.7'/T =
3re.o?/(RE*) < 1 which implies near the critical distance that

v < (;)u _ (4.23)

Again, this requirement is generic for all the three types of black membranes mentioned above and imposes
a mild bound on the ratio £/7. Furthermore, a careful analysis of the extrinsic curvature length Lex (o),
which can be evaluated explicitly using the information provided below for each black membrane, tell us
that no new requirements appear. This indicates that these configurations are valid solutions all the way
up to o.. We will now analyse each of these three cases and also the case of the interpolating membrane
one-by-one but we will be succinct in the details since the method we follow has been repeatedly used in

previous sections.

Interpolating membranes with spatially extended and spacelike separated boundary strings

In this section we construct a membrane configuration which interpolates between the Wilson surface
analysed in the previous section, with v = 0, and a new Schrédinger configuration when ¢ is large, which
we will analyse separately in the next section. These are the analogue of the interpolating black strings
studied in Sec. 3.1. We begin by introducing the coordinates (t',¢’) as in (3.4) which brings the metric
(4.19) to the form.

A s s
y(2)dt" — ?dt’dg’ + (1 - 224> dg? + d2* + dai | + R2dQY,, , g(z) =1+ o - (429)

24

R2

ds? 5
z

By taking ¢ — 0 we obtain the metric (4.1) with v = 0 where ¢’ is identified with ¢ and £ with z3. We
now choose an embedding map such that

=7, z2=0, ;1=x(0) , 29=09 , & =0, 2, =0,Vi=3,4 , dQy =0, (4.25)

which results in an induced metric of the form

2
Yapdodo® = R—Q (—y(o)dr* + (1 + 2/(0)?)do® + do3) . (4.26)
o

This metric reduces to (4.3) when ¢ = 0. The pullback of the timelike Killing vector field 9y onto the
world volume Ws gives rise to k = (R/0)+/y(o) . Hence, if £ = 0 we obtain k = R/o which is the result
obtained in AdS when v = 0, while if we take £ — oo we get k ~ R¢?/o3.

Solving now the equation of motion that arises from varying (2.12) leads to the familiar solution

1
U(o)? 2 R? 11+ 6sinh?*a
/ — _ 1 U — _ . 427
z(0) (U(Go)2 > , Ulo) a9 ylo)? cosh® o (4.27)
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We now focus on the zero-temperature case with £k = 0. In order to do so we consider the regularised free
energy which takes the form

ALN/? 0 o
Fourt = W@) Vo (u(ao) + [ S5V ((1 —X)/1— (o) — 1)) , (4.28)
0
where we have defined the function u(og) via
W NGETr arcsinh ( \/g;)
0 +v2— Y270 (4.29)

U(UO) = 4 \/5061 02

The Polyakov surface can be argued to have zero free energy for any value of £, k, T' with similar arguments
as in the previous cases. We now obtain expressions for the length L and Fy, as a function of og at
T = 0. This behaviour is shown in the plots below.
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Figure 15: On the left we display the behaviour of the distance L as function of og at 7' = 0. The dashed
solid red line corresponds to the AdS result given by the first term in (4.14) while the dashed solid black line
corresponds to the result (4.30). The blue line represents (£/2'/4) = 1, the magenta line (£/2'/4) = 100,
the yellow line (£/2'/4) = 300, the green line (¢/2'/*) = 1000 and the cyan line (¢/2'/%) = 10000. On the
right is the behaviour of the free energy as a function of gy at 7' = 0. The dashed solid red line is the
first term obtained in (4.12) while the dash solid black line is the result obtained in (4.30).

As one can see, the behaviour exhibited in the above plots resembles the case of black strings in
Sec. 3.1. The red dashed lines correspond to the leading order results for the length and free energy
obtained in (4.14) and (4.12) respectively. The black dashed lines correspond to the results which will be
obtained in the next section and to leading order read

F(Q) Jrsurfﬂ' V7T€2 F(_g)
L’ZHOO = 2\/ FUOF i ) 3/2 ‘E—)OO = W T f (430)
(10) ARYONY: N(Q) 99 (10)

In particular, values of the length L and the free energy are bound between the AdS values and a purely
Schrodinger configuration which will be analysed in the next section. Furthermore, we observe that Fgu.¢
is proportional to L =2 for small £ and to L~ for large ¢, since the relation between L and oy is roughly
linear.

We can now consider the finite temperature versions of these geometries. However, all the qualitative
features are the same as those presented in Sec. 3.1. We will therefore only consider in detail the heated
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up version of the configuration in the limit £ — oo in the next section. Nevertheless, we note that at finite
temperature we can define a parameter ¢ such that
ot 2Rt

l

(4.31)

In terms of this parameter and of the parameter £ defined (4.6) we can find the critical distance for these
configurations, however, its form is too cumbersome to be presented here. The resulting behaviour of the
free energy is similar to what is presented in Fig. 6, namely, the solution terminates for a certain value of

Oec.

Membranes with spatially extended and spacelike separated boundary strings

In this section we construct the membrane geometry which in the limit £ — oo connects with the inter-
polating membrane solution found in the previous section. In order to do so, we choose the embedding

map
t=rT , =0 , .7312.%'(0) , X =09 , szi:0,W:3,4 N dQ(4)=0, (4.32)

which is the analogous configuration in AdS; x S* to the one constructed in Sec. 3.2. The world volume
inherits the metric

R? o
Yapdo®do® = = <_04d72 + (1 4+ 2'(0)*)do? + da%) , (4.33)
which when introduced in (2.12) and after careful variation leads to the solution
1
K(0)? z R 1 + 6sinh? o
"(o) = -1 K(o) = 4.34
“ 1) <K(UO)2 ) ’ () o cosh® a ’ (4.34)

where we have imposed the same boundary conditions as in the previous section. The equations of motion,
as usual, also allow for Polyakov surfaces with z/(o) = 0.

Since these configurations are valid only for small & we proceed and analyse their properties in a small
K expansion. We consider first the distance between the two strings on the boundary. With the help of

the expansion
1 15
_ VE + O(R 4.35

we find, to leading order in the bulk depth &g, the dimensionless distance

1T %_\/7?F(§)~ - 2{*(&) o i
LTS (5)" - T Pt (m - 1) 60" Vi + O(R) - (4.36)

The leading order term, when written in terms of og leads to the result presented in (4.30). We now take

cosh? o =

a look at the free energy. After implementing a similar regularisation scheme as in the previous sections
we arrive at the regularised free energy

Foylz(5)) = cn]LNé) Vo T3 ( Ly /0&0 ZLZ ((1 ~ X)W1+ 262 — 1)) : (4.37)

-
40

where we have defined the constant ¢, = (2'%7/3%)!/3 and introduced the dimensionless quantities defined
in (4.20). The Polyakov surface, corresponding to the solution z’(c) = 0, can be argued, following the
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same reasoning as the previous section, to have zero free energy. Expanding now in small £ and small
distance L, and inverting (4.36), we find
3

L 34356 (=2)T ()"
Fay=cargNgyVan | il (15) (f1)4+01\/r?L9T3 +O(k) + O(LY) (4.38)
L 2512500T (15) T (15)

where (] is a real numerical constant which we give in App. A. The leading order term in this equation,
when written in terms of oy leads to the result presented in (4.30). From (4.38) we can see that the
combination F (1)L4 /(L) is scale invariant as well as LT'/3 hence exhibiting the scale invariance of the
dual gauge theory. We can also depict the entire solution space. It exhibits the same qualitative features as
those encountered in Sec. 3.2 for black strings in Schrédinger with spacelike separated boundary endpoints.
In particular there is no phase transition and this configuration is always the preferred one with respect
to the Polyakov surface. We provide details in App. A.

Membranes with null extended and spacelike separated boundary strings

In order to construct these configurations we choose the embedding map
t=7, z2=0 , mm=x(0) , {=02 , 7 =0,Vi=2,3,4, dQy =0, (4.39)

leading to the stationary induced metric

2 4
Yapdotdo® = % (ﬁ‘ldT2 + 2drdos + (1 + x’(a)2)da2> . (4.40)

The boundary strings now lie in the null £-direction. Since these configurations are translational invariant
along &, this direction does not play a role and can be integrated out leading to an overall factor of L in
the free energy. Using the induced metric (4.40) and solving the equation of motion obtained by varying
(2.12) we obtain the solution

1
Y (0)? 2 R0*21 + 6sinh? o
! = —1 Y = . 4.41
/(o) (Y(JO)2 ) ¥(e)= Bt oo (4.41)

We now study this solution in the small & regime using the expansion (4.35). To leading order in & we
find the dimensionless length

O A NE 2\ (5 _2yp (13
LT3 (%)3 _ \/;(E()3)~ rsre) "’152/5;( 3)F(6)ﬁ660+0(k) . (4.42)

F ()] = cLNg VA T3 ( LI /0&0 o ((1 ~X)W1+2/(6) — 1)) : (4.43)

- —
204 o

where we have defined the constant ¢, = (28/(3%7))!/3. Note that the background subtraction here is
different than the one used to regularise (4.37). Using the expansion (4.35) and inverting (4.42) we obtain

1
L 2 250 (—3)° — _
Fo) = CSFN(QQ)\/AM (35,9r(3 + CoVR L9T3> + O(R) + O(LY) | (4.44)

D= o)~
—
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where Cy is a real numerical constant that we give in App. A. The general form of F ) is in accordance
with scale invariance of the dual theory. The full solution space of these configurations is also very similar
to the black strings constructed in Sec. 3.2 and hence we leave these details to App. A. However, we note
that there is no phase transition with respect to the Polyakov surface and that this is always the preferred
configuration. Also note that since we have made a different regularisation procedure in (4.37) and (4.43)

what is meant here by Polyakov surface is also different for both configurations.

Membranes with spatially extended and lightlike separated boundary strings

The last configuration we construct in this section is obtained by choosing the embedding map
t=7, z=0 , {=¢(0) , r1=02 , 7, =0,Vi=234, dQu =0, (4.45)

which leads to the induced metric

R? &
Yapdotdo® = — <—4d72 + 2¢'(0)drdo + do? + da%) . (4.46)
o o

Using this in the free energy (2.12) and solving the resultant equation of motion we find the solution
1
8 2 4N\ ~3
, o°K (o) o 2
_ _ 7 4.47
§0) <£4531((ao)2 ﬂ4> (4.47)

where the function K (o) has been defined in (4.34). Using now the expansion (4.35) we find the length

L1 < 3 >§ _ Val(3) T(GErE)r()+2e (1731)58\/,—:+ o) . (4.48)

2

I'(=5) % 18V T (3)

As we can see, the dimensionless distance LT 5 is proportional to & ! to leading order, meaning that
similarly to the black strings with lightlike separated boundary endpoints analysed in Sec. 3.3, the distance
LT 5 decreases for increasing bulk depth &¢. In fact, numerically we can obtain how the distance LT 5

depends on & for small values of &, which is depicted in the figure below.

LT 3

61

L L L L L L L
02 04 06 08 10 12 14,

0o
Figure 16: The dimensionless distance LT 5 as a function of &0 obtained numerically for & = 0.01 (yellow
curve), £ = 0.001 (red curve) and < = 0.0001 (blue curve). The black dashed line represents & = 0.

As seen from the plot above, the difference between this configuration and those which have been
previously analysed, is that the dimensionless distance LT 5 becomes unbounded as 9 — 0. This means
that in order to probe the effect of having a small bulk depth 6y one must study the behaviour of the free
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energy as LT 5 — co. We now look at the regularised free energy for these configurations, which can be
written as

~ ~ 3 4 1 5-0 da'
F[€(6)] = LN v/ Aar T (_ N /O z

~4 ~r
40, o

(- XVIFFeEr 1)) (a9

where ¢, has been defined below Eq. (4.37). Expanding this for small & and large L we find

8 142

Fip = anlN(%)\/WL‘l ( 19683; 361;(—6)1 —|—03\//‘?L_9T3> +O®R) +OLY) (4.50)
2000073 T(—3)3T(3)

where Cj is a real constant defined in App. A. The behaviour exhibited here also differs from the previous

configurations. In particular, in the case K = 0 the free energy is independent of T and increasing for

increasing distance L. Going to higher orders in K, for which the details are given in App. A, we can

depict the solution space for these solutions. The result is given in the figures below.
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Figure 17: On the left we have plotted the free energy F3) a function of ¢ and on the right as a function

of the distance LT 5. The colour coding is the same as in the previous figure.

Noting that the Polyakov surface has zero free energy, then the figure above represents the energy
difference between these two configurations. Since this difference is always positive, one concludes that
this configuration is not the preferred one with respect to the Polyakov surface. Since now we have several
competing configurations at a given temperature 7" it is interesting to compare which of the configurations
is the preferred one. The free energies (3.36) and (4.49) have been regularised via the same background
subtraction procedure so it is sensible to compare the two. Below we show the behaviour of the two free
energies for £ = 0.0001 on the left while on the right we show the behaviour of AF 13y = F (1) — F(3).
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Figure 18: On the left as we display the free energy F (i) given by (4.37) (blue curve) and F 3 given by
(4.49) (red curve) as a function of &y for & = 0.0001. On the right we have the free energy difference
AF (13) as a function of ¢ for £ = 0.0001.
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We see from the figures above that the free energy (4.37) is always negative while (4.49) is always
positive. The free energy difference satisfies AF 13y < 0 and therefore the configuration with free energy
F (1) given by (4.37) is always the preferred configuration among the two for a given L,T, N2y, A, 00

and &.

5 Discussion

In this paper we have constructed several new configurations of stretched black strings and black mem-
branes in the probe approximation both in AdSs x S°, Schs x .S and in M-theory. According to the method
we used, namely the blackfold approach, these solutions are valid supergravity solutions for which their
metrics can be constructed perturbatively using a matched asymptotic expansion which takes into ac-
count back reaction effects. This paper has provided the first application of this method to the case of
Schrodinger backgrounds.

In the case of black strings in AdS5 x S°, we have reviewed previously constructed configurations in
a black hole background [26] and generalised it to thermal AdS. These configurations represent Wilson
loop operators at finite temperature in the dual gauge theory at strong 't Hooft coupling. In this context
the free energy of the black string yields the quark-antiquark potential which scales with the number of
fundamental strings k& and is inversely proportional to the length L of the pair. Following the black probe
method leads to dominant finite temperature corrections in the quark-antiquark potential and to new
physics, which can be observed already in thermal AdS, without the presence of a black hole.

In Sec. 3 we have constructed black strings in Schs x S°, whose near horizon geometry is composed of
black, asymptotically flat, fundamental strings. In this setting we constructed the analogous configuration
of the one found in AdS5x S® and compared the two cases. We found that there exists a string configuration
that interpolates between the AdS Wilson loop and a new configuration in Schs x S°. Due to the presence
of the null direction in Schs x S® we also saw that it was possible, not only to have a configuration analogous
to the one found in AdS5 x S°, but also to have a black string configuration in which its boundary endpoints
are lightlike separated. This configuration turns out not to be the preferred one, having a higher value of
its free energy. The differences between null AdS spaces and Schrodinger spacetimes are subtle, namely
when probing the spacetimes with particle or field probes [12], but here we have seen that the black probe
method allows to distinguish between these two spacetimes by placing probes along the null direction of
Schs x S% and hence leading to a configuration with no AdS counterpart.

According to the works of [3, 4, 5], backgrounds obtained via the null Melvin twist of supergravity
branes should have well defined quantum field theory duals. In particular, in the case of Schs x S° studied
here, the dual quantum field theory is supposed to be obtained via the DLCQg of N' =4 SYM and to lead
to a non-relativistic CFT. In this line of thought it is relevant to ask if the black string geometries that
we constructed here may be considered to be dual to Wilson loop operators defined in the gauge theory.
In this context we note that the interpolating black string geometry in Schs x S® in Sec. 3.1 analogous
to the one in AdSs x S°, has a free energy which scales with the total number of fundamental strings
k but now is inversely proportional to a certain power of L of the quark-antiquark pair which can vary
between L~! to L~2 depending on the magnitude of the deformation parameter ¢ and for large enough
¢ it becomes proportional to £ itself. We have seen that for the case of the configurations of Sec. 3.2,
which connect at large ¢ to the interpolating strings, the combination .7-"100pL2 /¢ appearing in the free
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energy (3.36) is scale invariant and only depends on the scale invariant combination L(T'/¢)'/2. This
indeed suggests that the dual gauge theory is conformally invariant as previously suspected [3, 4, 5] and
furthermore that the deformation parameter ¢ has a physical role to play in the gauge theory. It is worth
noting that the blackness of the probe, characterised by corrections in powers of k, enters at the same
order in the quark-antiquark potential as in its AdS counterpart and it is as sensitive to temperature
corrections, which enter at order 7°, but more sensitive to small distances between the quark and the
antiquark, scaling with L™2 at zero temperature. One may also wonder about the dual interpretation
of the black strings in Schs x S° with boundary endpoints lightlike separated. However, the issue of
whether or not the null direction should be compactified for the purposes of holography is not yet settled,
which leads to lack of intuition about the role of these configurations. Related to this, the exact details
of the dual field theory action obtained by the DLCQg of N' = 4 SYM are still lacking but they would
consequently allow for the study of expectation values of Wilson loop operators at zero temperature and
to check if the corresponding result can be matched with the predictions made here. This endeavour
would lead to a better understanding of holography in these spacetimes.

In Sec. 4 we have studied the case of stretched black membranes in AdS7 x S and found that, similarly
to the case of AdSs x S®, the black probe method leads to new physics and dominant contributions to
the free energy which were not seen in the work of [32]. In particular, we see that there is a contribution
of order (T'L)? in the free energy of the black membrane (4.15) which is dominant over the contribution
due to the black hole background entering at order (T'L)%. Since in this background the black membrane
is less sensitive to the corrections due to the black hole, corrections due to the blackness of the probe
become even more relevant and, for example, change the qualitatively behaviour of the onset of the
Debye screening effect. In Schy x S% we constructed analogous configurations and also three other black
membrane configurations, depending on how we place its endpoints on the boundary geometry, and which
have no AdS counterpart. We have in particular seen that the interpolating black membrane with an AdS
counterpart, the free energy scales with the number of probe N2-branes NV (%2) and with a power of L that
varies from L=2 to L™ as the deformation parameter ¢ is increased continuously to higher and higher
values. Again, assuming the existence of a dual gauge theory and that these configurations represent
Wilson surfaces, we see that the free energy (4.38) suggests that the dual non-realivistic gauge theory is
conformally invariant. One may also wonder if it is possible to check this dependence in the expectation
values of Wilson surface operators in Sch; x S* as it was recently done in [42] for the same operators in
AdS; x S*.

We also note that all the black strings and black membranes constructed in Schrodinger spacetimes
in this paper were done in thermal Schrodinger, without the presence of a black hole. Schrodinger black
branes can be obtained via the null Melvin twist of supergravity black branes but generate non-trivial
dilatonic fields [3, 4, 5]. Within the blackfold approach, coupling black probes to dilatonic background
fields has not been yet properly understood, though currently under study [38]. Therefore, we have not
considered such background geometries in this work but we admit that it would be worthwhile studying
them as one would most likely observe non-trivial phase transitions and Debye screening effects. It is worth
mentioning that all the configurations that we constructed both in thermal AdS and thermal Schrédinger
do not exhibit Debye screening effects, suggesting that it would be interesting to understand whether a
general argument ruling out the existence of these effects exists.

Finally, we note that applying the null Melvin twist on supergravity branes leads to black branes whose
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near horizon geometry exhibits the Schréodinger symmetry group [3, 4, 5, 16]. It would be interesting to
take these branes and use them to probe the spacetime and in the process construct new black hole

geometries with non-relativistic near-horizon geometry. We leave this possibility for future studies.
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A Higher order expansions for black membranes in Schrodinger

In this appendix we collect some details on the solutions presented in Sec. 4.2. In particular we give higher
order expansions in % for the dimensionless distances and free energies characterising each solution and

which allowed us to analyse the solution space.

Membranes with boundary strings spatially extended and spacelike separated

We have solved for the dimensionless distance numerically and seen that it is well approximated for small
k and up to values o ~ g, by the expansion.
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Using the above expansion and a similar one for the free energy (4.37),
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where ¢,, was defined below (4.37), we are able to analyse the solution space. Inverting (A.1) and intro-
ducing in (A.2) leads to the value of Cy introduced in (4.38),

5 (9V/TT (—y) + 107 (2)) T (1)
9 x 35 (2m)3T (2)°

ey =2 (A.3)

Membranes with boundary strings null extended and spacelike separated

For these configurations we have also studied numerically the dimensionless distance and seen that it is

well approximated by the following expansion,
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where ¢; was defined below (4.43), allows us to probe the solution space. Inverting (A.4) and using it in
(A.5) allows us to derive the constant Co introduced in (4.44),

02:3ér(é) (45><23\/37F(%)—7F(—§)2) | (A.6)
6477/0T (— ) r(3)

Membranes with boundary strings spatially extended and lightlike separated

At the end of Sec. 4.2 we have studied numerically the dimensionless length L. We have checked that its
behaviour is well approximated for small & by the expansion
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A similar expansion in the free energy (4.49),

5 1\2 7
Fo_vir(h (TEHTETO)

- 3 1\ ~ 1

LN VAT T (—5) o 18y/xT (3) s
19869I"( & 8800I'( 2 16456997761 (% 6290143757 (2 .

ﬁ< () F(4<)(,>> ﬁ< oTnG) | s <6>)

. 6 3 Eeld _ 6 3 732523 4 (’)(/?;2)
106920 0 5173217280 0 ’

has allowed us to depict the solution space in Sec. 4.2. Inverting (A.7) and plugging it into (A.8) yields
the constant Cs introduced in (4.50),

~ 1309000000 (2)*° 71137 (=) T (=5)°T (- 2)
387420489 (—1)°

3 (A.9)
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