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1. Black holes

Black holes have a temperature [ ]:

h
T—g 9

= = 3.9x 107K, 1
2mcky  9.8m/s? . (D

g 1s the surface gravity at the hori-
zon:

 GyM 2G N M

rg = CQ .
(2)

9 2
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Putting everything together,

B th/kB
B SWGNM .
It M = 3M,,,, then

T (3)

T~2x10°%K. @)
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Hereafter Iset| h = c = kg = 1.

General Relativity says that constant gravity is like constant acceleration. So we ex-

pect
a
T =—
5 )

for observers with constant (proper) acceleration a. Can we understand where (5)
comes from?

http://upload.wikimedia.org/wikipedia/commons/9/95/Elevator_gravity2.png
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A dimensionless Hamiltonian A steps us in increments of ¢.

To continue to Euclidean signature, set ¢ = i¢. Then ds% = p*d¢3, + dp?.

After Wick rotation

—-H A
> e
co(é
Y e
N e
p=0 constant  @_

To avoid a singularity at p = 0, we should identify ¢ ~ ¢ + 27, which means
T = 1/27 with respect to dimensionless “time” ¢.
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Proper time 7 measured by an accelerating observer at fixed p is not ¢ but po.
4
v

this part of spacetime

€€

T=—=—. (7)
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2. D3-branes

Most black holes in string theory are variants of the electrically charged black hole,
which has zero temperature if () = M in Planck units.

singularity

The horizon of the charged black hole is infinitely far down the throat, which has
asymptotically constant size. And there is no singularity!

Some of the objects in string theory bend spacetime into similar shapes—but with
more dimensions. D3-branes are my favorite example:
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2 D3-branes

D-brane representation: Strings can
run from one D3-brane to another.

X, Y,Z

fake
separation

Geometrical representation: D3-
branes infinitely far down the throat
of a “black brane.”

The black brane de-
scription works best
when there are many
branes (say, N > 1

Another view of the black brane geometry: S° sur-
rounds the D3’s; ¢ and X are along the D3’s.

D3-branes) on top of
one another.

x

s® r
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D3-branes are my favorite because the strings running between them act as gluons
in A = 4 supersymmetric SU (V') Yang-Mills theory (SYM):

L = tr 2+ (superpartners) . (8)

%

29v
This is like the lagrangian of QCD, except that the quarks of QCD are replaced by

the superpartners (4 Majorana adjoint fermions plus 6 real adjoint scalars).

The geometry near D3-branes is AdSs—Schwarzschild x S°:

L2 d 2 4
ds® = = [ —hd? +d2 + == ) + [%d02  whereh=1———. (9)
22 h 2%
From black hole calculations (e.g. T = g/27),
2 |
o € 3T e e (10)
TZH T4 8 4 T4

Black hole description is valid when N > 1 and ¢ ,,N > 1.
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2 D3-branes
AdS/CFT maps a thermal bath to a black hole in five or ten dimensions.
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Could finite temperature QCD be thought of in a similar way? If oy, = gji
then

N=3>1 N = 127a, ~ 19> 1. (11)
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2 D3-branes

Also, lattice shows €/€ge. < 1forT > T, ~ 170 MeV.

16.0
14.0

12.0 ¢
10.0 |

8.0

6.0
4.0 t

2.0
0.0

3 flavor, N.=4, p4 staggered
m,=770 MeV

TiTg

1.0

1.5 20 25 3.0

3.5

4.0

Equation of state of QCD from lattice simulations. SB refers to the free theory. From [

So, maybe we can at least make some approximate comparisons between strongly
coupled SYM and deconfined QCD.
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‘
3
\‘_
»
*

5 |
v

BEFORE collision AFTER collision [ Ji

3. Heavy ion collisions

The Relativistic Heavy Ion Collider (RHIC) collides gold on gold, so 394 nucleons
total.

e Total center of mass energy is about 39 TeV.
e Roughly 5000 charged particles emerge.

e What happens during the collision?
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14 3 Heavy ion collisions

Nuclei probably melt into a plasma of quarks and gluons (the QGP). But the inter-
actions among the quarks and gluons may be hard to describe perturbatively.

7~ new strong—coupling

\_methods needed? ./
meTOTe e —,

170 MeV+=-=<

vation’

\hadronlza/

weak coupling, pQCD

/heavy-ion
\@Ilisioy

confinement

chiral symmetry breaking color-flavor

locking
>

( nuclear matte]'

A heavy-ion collision traverses the QCD phase diagram. See e.g. [Rajagopal 2000].
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Beam’s eye view of a Particles prefer to be “in plane”:
non-central collision:

e
<7
\
Cartoon of elliptic flow. From [ )

Measurements of anisotropies of particle production around the beamline fit well to
a hydrodynamic treatment of the expanding QGP, provided viscosity is small:

0<l<02, (12)
S
in accord with a calculation for D3-branes at large N and g;-,,/V:
N 1
A 13
s 4rm (1)

It’s hard to see how to satisfactorily account for 77/s < 1 starting from pQCD.

The favorable comparison of a strong coupling calculation (13) with the data-driven
bound (12) 1s now cited as a reason to believe the QGP is strongly coupled.
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4. Heavy quarks in the QGP

If a heavy quark (c or ) is produced inside the QGP, does it escape? It depends on
1ts relaxation time ¢, :

tcharm o tcharm

ct = 0.3mm

STAR and PHENIX can detect the €™, which carries roughly 1/2 the momentum of
the ¢ quark when it escapes.
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4 Heavy quarks in the QGP

Early pQCD estimates indicated £, ~ 10fm [
was a surprise that data is more consistent with ¢, = 3 — 6 fm.

R 44 is, roughly, the fraction
of charm quarks that escape
with a given py.

v, measures how much charm
quarks respond to anisotropic
expansion of QGP.

Big vy and small R4, go to-
gether.

Red dotted line: ¢, ~ & fm.
Red dash-dot line: ¢, ~ 2 fm.
Pink region: ¢, ~ 4.5 fm.
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R and vs for heavy quarks. pr is for a non-photonic electron. From [
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S. The trailing string

In D3-brane picture, a heavy quark is represented as a long string ending on a brane:

Two views of a stationary string ending on a D3-brane.

Horizon is “sticky” because
infinite red-shift prevents string
from moving where it crosses the
horizon.

So when string moves, it trails out
behind the quark.
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Classical shape of the string leads directly to

dp B TV

v TV oD

b _p T ~ VAP 14)
a2 T T2 2 " m (
So momentum falls off exponentially:
dp D 2 m
= = — where  fpmk = ——=— . 15
dt tquark auark ’7T\/X 1?2 ( )

Now, how do we relate 7 ark 10 Teharm?

1. There are 3X as many degrees of freedom in NV = 4 SYM as in QCD.
Surely Fg,ag should be somehow rescaled as a result.

2. A = gi /N is a free parameter in SYM. In QCD, A = 127a, runs with energy
scale. How do we match one to the other?

A proposal:

1. Compare QCD and SYM at fixed energy density, not temperature.

2. Deduce a value for A by comparison with lattice data on ¢-g potential.
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5 The trailing string

iléywlﬁﬁ 190 MeV «» jzxﬂ):: 250 MeV

0.1 0.25 0.5 1
0.6
oy
0.4 —_—
— =
o) 0.2
0
-0.2
0.1 0.25 0.5 1
r (fm)

Qg compared between QCD and SYM

3,1

fundamental
string

horizon

q-q potential as computed from string theory

Lattice studies of ¢ and ¢ at
fixed separation r lead to the
definition

3 ,0F,;
aa(r,T) = —r*—21
QQ< ) 4 ar
Lattice data is from [
], for

T = 209, 233, 255 MeV .

Similar calculation in string
theory at ' = (0 gives

32V
- (/4

3,0V,
agym = —rr =

4 Or

T # 0 results in some Debye
screening.
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The upshot: A ~ 5.5, leading to a prediction from the trailing string,

tcharm ~ 2.1fm for TQCD = 250 MeV . (16)

Maybe a little on the small side... But a recent study [ ] indicates
data may be (almost) consistent with it.

1.8

1.6 (a) b=3.1fm, c+b->e" :z:?g

1 4:* { v=3.0

TE | o PHENIX(0-10%)

1.2 { H * STAR(0-5%)
3 1=-% i
T o8-

0.6/

0.4

0.2

of

teharm X 1/7, and v & 2 is the trailing string prediction. (7 # 1/4/1 — v2))
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A distinctive difference [ ] between pQCD and AdS/CFT
predictions from RHIC to LHC energies comes from

t ottom mC arm
. R, bottom ., Tch for AdS/CFT
RAA = Re ~ T charm Myottom (17)
AA 1 — pa/pr for pQCD, p,, o< ¢L?

e Different curves

correspond to

e R B FE5S different initial
— — pQCD Rad+El, KLN conditions.

o -~ pQCD Rad, § = 40

‘g:( .-+ pQCD Rad, § = 100 .. .

% —— AdS/CFT D = 3, PHOBOS e Initial conditions
= -—. AdS/CFT D=3, KLN c
iy — — AdS/CFT D=1, PHOBOS affect R AA and
< ... AdS/CFT D=1, KLN b

- .—. AdS/CFT 2 = 5.5, PHOBOS R W about the

- .- AdS/CFT A =5.5, KLN

same.

e So RY, is a fairly
clean distinguish-
ing observable.

But beware uncertainty on the limits of validity of AdS/CFT.
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Gravitons emitted by the trailing
string tell us where the lost energy
goes.

We can, for example, compute the
Poynting vector S™ = (T"™).

S for v=0.75 e A sonic boom appears when
14«’}54;;:::: v>1/V3.
12"*?55113\‘ I :
TRANEEEEEES e A diffusion wake is always

& & 5 -
N b \;\; s v = present.
YRS T

& . . N

= AR5 > e String theory calculation ex-
d :

2| > tends to non-hydrodynamical

O 10 5 0 5 10 15 regime close to the quark.

e X = 1 corresponds to about
Quark is at X; = X, = 0. 0.925 fm.
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1.2

1 L

0.8 |
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P
o2e°
Q
23

AdS/CFT

0 /2

T 3n/2 21
¢ [rad]

Near-quark regime of S from
trailing string leads to some-
thing like jet-splitting [

I

A hard process and strong interaction with

the medium, from [ ]
g.:i STAR Preliminary STAR Preliminary
07} 0-5% 5-10%

Hadron two-point functions from [
| show “jet-splitting.”
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6. Superconducting black holes

Is it now open season in string theory on all strongly coupled problems?

Condensed matter offers some good ones: high 7. superconductors, cold atoms,
graphene....

Let’s start simply. Can we persuade a black hole to superconduct?

The Abelian Higgs model is the simplest tool for understanding superconductors:

1 :
L= =1F0 =0 —igA 0P = Vea(|¥], T) (18)
Vet normil Veit superconducting

i
)

J]
7
)

v
bl
5

4]
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Do we get something distinctively new by coupling this model to gravity?

1 .
L= R=F, = |0, — ig Aol = V(). (19)
It’s unnatural to tune extremum of V" to 0, so let’s assume
§
V= -+l (20)

Normal state corresponds to ¢ = 0: a charged black hole in AdS}:

JDAdS, = R .

A

AdsS,

—_

o
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6 Superconducting black holes

Below some temperature, quanta of
1 are driven upward from horizon:
recall T = ¢ /2.

F-qE AdS,
g
+HH++++++
Fdown= mg

Condensate spontaneously breaks U(1)
gauge symmetry, so this is a supercon-
ductor: s-wave since 1) is a scalar.

Some fraction of charge remains in
“normal” state, behind the horizon.

Y quanta can never escape from
AdS),, so they fall back toward
horizon.

+++++++

Expected end state has an “atmo-
sphere” of 1) quanta condensed
above the horizon.
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Condensate can be calculated in a simple way if we ignore its back-reaction on the
metric and gauge field:

Ly =~ —iqA)YF = m’ [P = —g7|00F = mldl” @D
where O is electrostatic potential and m?2g is the effective mass of 1:

mZe =m’ + ¢"'¢* D% . (22)

uozlioy

condensate

The condensate tends to form where m?*; < 0.

1
1
1
|
1
| 2
1
I

We never put 1" into the lagrangian, as one does in Landau theory. Instead, 7' crept
into M7, indirectly, through electrostatic potential in the extra dimension.
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One of the hallmarks of BCS conductivity is a characteristic shape of conductance,

o(w) = J(w)/E(w). (23)
Re Oq | Re Os
Re 0, BCS @ T=0 Re On superconducting

. blackhoe@ T<T;,

w

w, = 2A

Re o(w) quantifies how well a superconductor absorbs photons of frequency w. If
w > 2/, the photon can break a Cooper pair into two electrons. BCS says w, ~
3.5T1..

Contribution ~ ¢(w) signals infinite DC conductance.
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To calculate Re o for the black hole, we can “shine” photons down on it.

If w = w,., the photon can penetrate through the superconducting atmosphere and
fall into the black hole. w,. /T, seems to be non-universal.

Roughly speaking, the equation to solve is
(O—m2)A, =0  where m? = 2¢*[¢(2)]?, (24)

Re o relates to the probability for the photon to penetrate into the black hole.
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Many embedding of Abelian Higgs in Ad.S, exist in string theory:

Einstein—

e M2-branes create )
Sasaki bas

AdS), geometry.

e Magnetic GG, flux
gives scalar field.

e Choice of shape of
cone controls 7.

e 7./ is a dimensionless num-
1000 ’ ber: 11 K ~ 1 meV.

e Units evoke high 7, materials.

e Boundary of AdS, is 2+1-

100+

 Solutions

10 3 dimensional, like a cuprate
layer.
14 . . . N
0 50 100 150 FI"OWL[ ]

T,
= [KmV]
u
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If we start with an SU(2) theory,

6 1

L=R+— — tr I (25)

We naturally get a p-wave condensate (because AZ has spin 1) that spontaneously
breaks U(1)gy C SU(2) as well as the SO(2) of rotations in Z directions.

2,1
AAdS, =R .

E

horizon

+ 4+ + 4+

e Nodes in the gap are a little funny—infinitely narrow in some sense.

e p -+ ipis possible, but disfavored by A* terms inside F™.

e (-wave hasn’t been as much studied in this framework.
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7. Conclusions

Finite-temperature methods in string theory, based on black hole horizons,
have matured to the point where we can make meaningful contact with exper-
iment.

e Contact with heavy-ion collisions is based on a comparison of A/ = 4 super-
Yang-Mills theory to QCD.

— Tricky, but at least we have gluons on both sides.

e Shear viscosity, drag force on heavy quarks, and jet-splitting provide fairly im-
pressive points of contact between theory and data.

e Comparisons with low-temperature physics are more loosely motivated.

e Superconducting black holes are just one of several interesting attempts: There’s
also discussion relevant to superfluids and cold atoms.
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8. Partial guide to stringy literature

On the temperature of black holes:

o I [ ]
On D-branes and AdS/CFT

o ] (D-branes), [ ] (gauge theory)
o ; ; 1 (AdS/CFT)

On applications to heavy ions:

o[ ; 1(n/s)

| ; ] (trailing string); [ | (diffu-

sion)

o[ : : ; ] (booms and wakes)
On superconducting black holes:

| ; ] (Quantum criticality and AdSy)

o : ; ] (Abelian Higgs model in AdS)

o ] (p-wave black holes)
On superfluids and cold atoms:

o ; ; ] (non-relativistic conformal symmetry, Lifshitz-
like fixed points)
o ; ]
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