String Theory:
Coming to a Laboratory near You?
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Cold droplet of

early universe...
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| Understanding the Physics i
d

Is a description in‘

terms of wolecules
best for getting to

Need robust modeﬂ arips with wetness

?
of these properties of water?
for these new
forms of matter.
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Is a model of
individval atoms/

fermions the best
: i

Are these the most natural variables Perhap§ the
to describe the physics? answer [s no...
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Part |

Cooking with Quarks and Gluons:
Recipes from the String Theory Kitchen



avr
dinary woele
or wmatiet...

o

The Familiar

Phenomenon _of
Quarks bound fogether by confinement manifest...
confining strong nuclear force
(gluon exchange)
B P R TI TTS T
tering.. Reasonably well understood in
High eneray scal \/ terwms of quantuw field theory...
; Quantum
- ChromoPynawics (QCD)

\

1o wediow &Y
O aaronic physics

wm Q,V\Qfgv

quarks interact by
| gluon exchange

asymptotic freedom, ete...
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The UnfamiliarJ

Expec’(a’c'\ons from OOV

High energy per quark
and gluon...

High

Tempera’(ure Asymptotic freedom
suggests interaction

weak...

Lots of ideas... Form a non-interacting gas...?

™ & Quark-Gluon Plasma
f ®

Jocontining P1asé

e %o
Sharp change in the number of Trav\s'\’c'\on‘-

&
degrees of freedom




The Unfamilia

i

Lots of ideas...

High
Pensity

Expec’(a’c'\ons from OOV

Phase space very
different...high
mowmentuwm, so AF
again suggests
weak inferaction

Quantum effects probably
very important.

Crystals? Colour

Superconductivity, etc!

Sharp reorganization of the
degrees of freedom

s GTRTTEN
00000000

(Metaphor for Condensed
matter type quantum-
driven phase structure)
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QCD Phase Diagram!?
gieteh of TA (Somewhat simplified) |
PUPRRERREL @ Universe / %
®
A .'q _
5 Mg
Therwmally or quantum-driven Us compact stars...

Lphase transitions across lines... ——




Physics of the Plasma

& \f really free... !

€ = GSBT4

Expect some corrections
to this. Need to do a real
computation in QCD...

Non-perturbative QCV

can be done in this

The basic result from . ;
regime by nuwerical

thermodynawics...

| attice Gave Theory

computations...

Spacetime is discretized,
s0 is the field theory...

Results then extracted
in the continvum limit...
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Physics of the Plasma |

From:C. Lourenco in

Kesu“’s- “Lectures on Quark
. T (MeV) Matter”, Springer
Lecture notes on
1710 121101215[0 3?0 s 5110 l 680 Physics, 583/2002
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b i :
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W 8 [ )
~0.6 GeV/im3=¢,
6 —
4 -
2 =
0 | | 1 | 1 ! !
1.0 ] 2.0 2:9 3.0 3.5 4.0
T/Te
Notice: Very striking &~ 0.8 £qz Plasma is deconfined, but not

in all examples...

actually free.
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Physics of the Plasma

RHIC started doing experiments to
probe plasma’s properties directly...
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Colliding together gold
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' Physics of the Plasma I

RHIC hydrodynawic modeling suggests
that the plasma is more like a
L strongly interacting fluid...

Other properties include: '

Shear viscosity to entropy
ratio extraordinarily low 3 <1

High degree of jet-quenching
(lots of energy of a heavy
quark absorbed by plasma)
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Understanding the Plasma

& How t0 understand all this? \

Need robust models of these properties

for this new form of matter.
Big Question..

Is starting with a model
of quarks and gluons the
best starting point? ‘

Are these the most natural degrees Perhaps the

of freedom for this regime? answer is no..
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Another PossibilityJ

Consider the forces... i e
[ R Is this all a clue?

L
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Can pull apart objects that interact
electromagnetically until they are
essentially free...

But not for quarksl

... |interacting with the
S ITIATT I AR e TS |strong nuelear
force...
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The old
60s an

History |:The Old String Ideal

w the ...different nuclear parficles!
ideas Y0 correspond to different vibrations and

d early 708 spinnings of the string...

\

\
\
@@\‘
\

meson... 1

@

some other meson... \
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History 2: Strings Fail!

os of stringsis very
\n order 10 work, the |
nis a list of demands:

The physi
intricate.
theory prese

Ther,
Mg
thejy . 0Peh styi
) VlbraﬁO”s Ingg ang
ere m{[ ey
fh‘:tbe.closedsf .
" Vibrations M98 ang
There m”s sou
$

be i,
i Ve
eyt e

There must be open strings and their:
vibrations...

P —

There must be closed strings and
their vibrations...

P——— —

There must be more than three
spatial dimensions...

P —

R e

Q

Ok. That’s where we came
in. Works pretty well. J

7/

They describe a strange non-

nuclear particle <
, So clearly
Olk.. that’s ’rh|e this is just
ast straw...! wrong...
— right?
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ns Rule
, : s and Gluo
History 3: Quark
ith the Q00
ther with the
These b‘:?);x?ﬁ\led thg %’gmq \“/ :
app at temp{' in the ? Powerful f(‘)['l; osff:gx:,vllg
m aspec
Quantum cmfg%low"a lvonphysis

But these Techniques

fall short of what we
heed now,.,
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Recipe #1: Fun with Gluel

| Ingredients: j

Five Spacetime Dimensions 1 5 —
Gravity 5= 167G / dxy—g(R=2A)
A negative coswmological constant A 6

‘ Method: . (2

Place it all in a container that is aymptotically
Minkowski on the boundary.
du?

2
ds’ = = (—df* + dx* +dy* + dZ?) + P2 .

2
Raise the temperature from zero to 7. The )
equilibrium situation will be a Schwarzschild (AdS)
black hole of radius 14, proportional fo 7.
Success of a meal

|(Me’rric displayed later) Temp and l w3 | canbeallin the
Mass-energy of the black hole is: I'= 02 b= 3G (2 Pla;‘;’;?l-e--ﬁ:i’g fo
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Recipe #1: Fun with Glue]

Toserve: |
A /3
The Newton Gravitational L
Constant is rewritten as: Gs = N2

Divide by volume of container to get energy density: J

— % 2N2TH — %GSBT4 Whose Oss ? 1

This is rather reminiscent of what we
saw for the quark-gluon plasma...!
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What is Going on! ]

N While you digest.. \

There is a dictionary between the
five dimensional gravity quantities
and a four dimensional theory!

a larger theory... see later.

The gravity theory is part of

And the four
dimensional
L’rheory is..7

SU(N) Yang-Mills with 6 massless
bosons and 4 massless fermwions in the
adjoint.

A = gi,/N wust belarge

Glue plus sowme extra
junk that comes along
for theride...
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’ More on the Dictionary I
The overall Sowmetimes this is a useful picture
picture. £00...

local AdS / Shot of “global” AdS

u
2

2
— % (—dt2 +dx*+dy* + dzz) + szlz

. Field theory quantities read off using
asymptotic behaviour of “bulk” fields.

ds’
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‘ More on the Dictionary '

When at finite temperature:

4 4
flu) ==
ds2:—f(u)dt2+u—2(dx2+dy2+dz2)—|—€2du2 Black hole
(2 (2 flu) horizon at
finite radius.
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Dessert for Recipe #1 ]
For example, the stress tensor of the
field theory couples to the graviton in
bulk...
Shear viscosity in the field theory is
part of a two-point function for the
stress tensor...
This translates into an absorption
cross-section for scattering a
graviton off the black hole, which is
given by the areal
N = A Y A
Su. 0n 1 /
— — T cartoon of this
S 43-[; folltows, ovetr...
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Computation of
the Viscosity...

See how two separated
points in the plasma
connect to each other...

The disturbance
fra.vels as closed
$Trings (gravitops)

in the higher
dimensions,..

Bigger black hole absorbs wore,
reduces disturbance, increasing

viscosity.
viscosity entropy
B A B A
= TenG T 4G
=2 _ 1 [tlose to what's
S 4y |been seen!
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What'’s Going On?|

This is a fully quantum theory
tgravi’ry we are working with here - it

is embedded in string theory. Ah, so glue really
is wmodelled by
Gravity is carried by closed Sffi"y
the closed strings in ——
the theory.

Q The loophole was that the gravity is in

higher dimensions...!

In fact, the string theory is ten dimensional
(Type l1B), and the full theory is on:

AdSs x §°
2 2
d
ds* = 7 (—dt* +dx*+dy’ +dz*) + £2u—’/; + 0% (dO” + cos” 0d Q3 + sin° 0d¢”) .
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Key: Previous attempt was not using stringy
ideas to address the right physical regime!
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‘ It's More than Strings I

The role of extended objects,
“branes” is erucial in all this.

[Consider fiat space:

P3-brane is 3-dim hypersurface that woves in time.
Strings end on it. Their physics captures aspects of its N of thewm
dynawmics. The physics is U(1) susy gauge theory. gives SU(N)...

28




It's More than StringsJ

The collective dynawmics of
the brane is just a low energy
sector of the full string

theory...
Brane also has a gravitational footprint. Pecoupling
the gauge theory from the rest of the stringy physics
yields “near-horizon” geometry: AdS: x S°
02— 0 dR s dw dv) 4 R odi + R84 cos?0dQ2 + sin8dd’
S_ﬁ( t°+dx x)+?u—|— (dO~ + cos 2+ sin”“ 0d¢”)

Reliable computations can be performed in the
geometry if R is large. This is why the gauge
theory is at strong ('t Hooft) coupling...

R*=\/4ng,No'; 2mg,= g%(M N large; g, small; A = g%{MN large
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‘ The Full Duality l

A = 4 Supersymmetric SU (N) Yang Mills

Superconformal invariance

~ SO(4,2)

\ global R-symmetry

isometries\\
AdSs x S°

Review: Aharony, Gubser, Maldacena, Ooguri, Oz, hep-th/99051 I |

A‘u,47\d 6([) gauge multiplet

I\

) ~ SO(6

isometries
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More on the Dictionary ]

Field theory quantities read off using
asymptotic behaviour of “bulk” fields.

ZFT(aMa (pO,k) — Zgrav (M, ¢)

Ier — Tep + /a 'y 904 040)

Precise relation between masses of fields
and dimensions of operators in theory...
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More on the Dictionary ]

Field theory quantities read off using
[asymp’ro’ric behaviour of “bulk” fields.

dSQ—LQ( 12 4+ dr? +r2d02_ ) + L a2
—Z2 rT—+r d—2)' dZ

boundary at z = (

¢(Za yz) — 1 (yi)z#l | ¢2(yi)z#2 4.,

[Normalizable behaviour near bdry

controls vev of operator

1
A= 5 (d—l— Vd? + 4(mL)2>
2
Non-normalizable behaviour near mip = _a
bdry is an insertion of operator 41,2
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‘ Recipe #2: Heavy Quarksl

{ Ingredients: .

Five Spacetime Dimensions 1 5

Gravity S = terc [dxv=g(rR-2a)
A negative cosmological constant 6
Strings that begin and end either A= 7

at origin or infinity.

{ Method: '
‘Arrange the strings according to those rules. '

‘The ends of the strings are quarks. '
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' Recipe #2: Heavy Quarks I

u=0

Fundamental Quarks are infinitely
heavy in this theory, since the strings Nevertheless, can
are infinitely long... study sowme aspects

of heavy quark
dymawics...
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Recipe #2: Heavy Quarks J

u=0

Can study how quarks interact with

the plasma by studying string in black Reproduced aspects
of jet-quenching

hole background...

this way...
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Other recipes (and what can
be learned from thewm)
skipped due to lack of time:

. How to make
‘ Recipe #3: Heavy Hadrons I Mesons and
baryons
| Recipe #4: Fun with Charged Glue I
‘ Peconfining phase transitions with a I
toy model of baryon density

| Recipe #5:Adding Flavour I
| How to make dynawmical quarks and mesons ‘

| Recipe #6: Cooking the Mesons

Meson melting transitions and chiral symmetry breaking/restoration
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‘ Hopes and Expectations I
Can we hope for a real,

Would need to:

* Find fully backreacted geometry for quarks
* Solve strings in highly curved backgrounds
* efe, efe..

May be as hard as solving QCD.
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‘ Hopes and Expectations |

Let us not be too fixed
on finding a QCP dual.
Getting close wmight be
enough...

What features of these
simpler models persist to
teach us about QCD?

String, gravity, ete,
might be just the right
variables for frawming
the universality
question...

And black holes are just
perfect for that so finite
temperature hydrodynamics
might be in the best shape...
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Part |l

Chilling with the fermions:
More Recipes... Best served cold



\ Recipe #7:Transport in 2+1 D I

| Ingredients: '

Four Spacetime Dimensions
Gravity + Maxwell
A negative coswmological constant

| Method: I

Place it all in a container that is asymptotically
Minkowski on the boundary.

IPop in a (AdS) black hole I

Why do this...?
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l Recipe #7:Fun in 2+| D I

[[Af finite temperature:
»  L%a? 2 2 2 3.2 L* 1 2
ds” = " (—f (2)dt* +dr +r d¢)+z'2f(z)dz
glack hole
— 1,8 orizon at
/) ’ finite radivs.
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l Recipe #7:Fun in 2+| D I

[Wha’r is this theory?

Another thermal theory,
but now in 2+1 dimensions.

It is not Yang-Mills,
but some thermalized
version of an ‘exotic”
fixed point theory

defined by RG flow.
2,2 9
ds® = L .a (—f (2) dt* + dr* + rqu')z) + L, L dz*
Z 2 f (2)
We can play
flz) =1-2° with this...
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. Recipe #7:Fun in 2+| D I

Now add electric and
magnetic charge to

the black hole.
! Lzaz L . ‘ N L2 1 P
2 _ _ 42 2 | 242 2
ds = (—f (z)dt® +dr*+r d¢)+zzf(z)d.z

f(z) = 14+ (R*+¢*) 2" - (1+h*+¢°) 2"

3 — h*—¢°)

A = ha’rdo + 2qa (z — 1) dt B Ar (

Meaning?

magnetic electric
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Recall part of the Dictionary

Field theory quantities read off using
asymptotic behaviour of “bulk” fields.

ZFT(aM, (t)(),k) — Zgrav(M: q))

Ier — Tep + /a 'y 904 040)

Precise relation between masses of fields
and dimensions of operators in theory...
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Recall part of the Dictionary

Field theory quantities read off using
asymptotic behaviour of “bulk” fields.

L2

boundary at z = (

ds® = — (—dt® +dr* +rdQ_,) + —dz”

~2

¢(Za yz) — 1 (yi)z#l | ¢2(yi)z#2 4.,

ormalizable behaviour wnear bdry

N
Lon’rrols vev of operator

1

A= 5 (d—l— Vd? + 4(mL)2>

on-normalizable behaviour wnear

N
L)dry is an insertion of operator
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. Recipe #7:Fun in 2+| D l

Meaning for us?

Ay (1) = ha’r?

1
» B = _5’TA¢ — 2ha’
r
\ex’rernal magnetic field |

Ay = 2qaz — 2qa

J ch}:al Useful Laboratory for
density /0 |pofem‘lal'u I various things... e.q Hall
effect, Nernst effect... i
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Recipe #8: Superconductivity |

{ Ingredients: I

Four Spacetime Dimensions
Gravity + Maxwell + charged scalar
A negative coswmological constant

{ Method: I
Place it all in a container that is asymptotically
| Minkowski on the boundary. I
Put at finite temperature I
Minimally couple the scalar and add a potential... I

n2+l D
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Recipe #8: Superconductlwty in 2+1 D

What will
happen?

Sbuk = —= /dlIV -G {R+ e +L2 ( i Id\p — ZQA\IJI — V(l‘yl))}

) Pont panic!
V(Y|) = -0V 2 9
1) =" my = ~72 7 Mpp = 172

If B=0, can I We know we will have a black
choose: W = pe’” ;0 = const. hole, but what will we get?
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Recipe #8: Superconductlwty in 2+1 D

What will o
happen? _ (3 - q2)
\ High temperatures: '

Reissner-Nordstrom Black Hole

U =0

\ Low temperatures: i

Black Hole with nontrivial charged scalar profile

p— ()2 +

But scalar mass
is affected by
Ay

Spontaneous
breaking of the
U(l)
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Recipe #8: Superconductlwty in 2+1 D

Difficult to do exac’rly but can do
numerical work in various limits....

'—-I\JWAUIO\\I,\]”Q\
S =

Can compute the PC
conductivity and find it
diverges... ete... efe..

Can go on to study
system in presence
of magnetic field...
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‘ Hopes and Expectations I
This is all very powerful use of the ¥
tools that come from string theory... &\
Real contact with experiment? Useful
language? Already been useful at RHIC...

il oy —y
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