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Conversations on the Correspondence

In that context, the string theory ideas and
techniques of my world connected in a very
fruitful way with those of the Relativist.
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Schematic
diagram of AdS

“Boundary” is D=4;
“Bulk” is D=5

SS at every point. '
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Other Versions of the Correspondence
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CFT} is an IR fixed point of D=3 SU(N) YM Theory IS now on
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A Key Detail of the Correspondence

ZFT(I M,"()yk) — ZgraV(Mvn)
|

This should be refined....



Consequences of the Correspondence

In computing the contributions
to the RHS in the sugra limit...

The action is of the form: | (M;) = NPF (M) , p>0

So the field theory free energy, F(! M) = —InZcpr(! M)
is dominated by the smallest F(M);)
F(oM)
NP

— F(M,;) as N — oo,




Consequences of the Correspondence

Phase transitions? )

But can’t have phase
transition in
conformal field theory.
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at u—| —= dSzZ —d"2+ d#% CFT is on R! 83



The Prototype

At finite temperature,

must consider both AdS Finite temperature! Make
and AdS-Schwarzschild: time periodic, with period [3
1
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Regularity at the horizon fixes the TE"UH
temperature of the hole.... ﬁ
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The Action Calculation

Andrew loved this “Gibbons-Hawking” calculus:

The technology Hawking-Page (later Witten) used at the time
included regulating the (formally infinite) action by computing

the action of the hole relative to AdS at the same temperature.
Result:

- g (! ug)

2uz, +

..which goes negative for sufficiently large black B — 2l up
holes... sufficiently high temperatures... 2uz, + (2
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The Prototype
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Phase structure:

Minimum temperature, T, , below
which the holes do not exist.

Both “small” and “large”
holes exist for T > Ty

There is a critical temperature, T
where FgH < Fags



Excited Thoughts

This inspired several thoughts in us in 1998...... and much email exchange
while | was in my Summer hideout, New York, sitting in the library at
Columbia University:

This strongly suggested that various processes (say, involving black holes’s
formation/evaporation) were unitary quantum processes, since they have a
dual description in terms of unitary quantum field theory process.

Further:

This strongly suggests that all transitions between gravitational instantons in
the old quantum gravity approach (which Andrew studied a lot with Hawking,
Gibbons, etc) should be given a unitary QFT description (at least for A < Q).

Our first project, hep-th/9808177 (Chamblin, Emparan, Johnson, Myers)
looked into finding some interesting examples.....



NUTs and Bolts of AdS

I'd worked on the Taub-NUT spacetime before, in the context of string
theory in asymptotically flat space. Had also worked with Rob Myers on it.

This project brought me back to Taub-NUT, and got me working on Taub-
Bolt, both now in the context of Anti-de Sitter spacetime.

These were well-known gravitational instantons, for which we realized that
the previous questions were begging to be answered! Nobody had done the
work before!



NUTs and Bolts of AdS

The solution is:

2
ds* = V(r)(dv +2ncos 6dg)* \?(rr) - (r*! n*)(dO? + sin® 0de?)

(r2+n?)! 2mr+1* 2(r*! 6n%r2! 3n%)
r2l n2

where: V =

if n=1/2 itisactually AdS,

Asymptotically, the metric is:

2 2
dszzlr—zdrzqtr2 ﬁ—g(d! +cos"d#)2+d"2+sin2"d#2} | ="/ 2n

This is a squashed three-sphere, and is where the dual CFT would reside. '



NUTs and Bolts of AdS

If the fixed point set of the
“time” Killing vector is a V(r=n)=0
point...

and if the Misner string is Ar=4nAg —> Ar=8mn
unphysical...

and if there’s no conical ATV/(r=n)=4m, ie, V'(r=n)=1/2n
singularity

This all translates into a condition
on the “mass” parameter:




NUTs and Bolts of AdS

If the fixed point set of the _
“time” Killing vector is two- V(rb) =0
dimensional...

and if the Misner string is Ar=4nAy ——> Ar=8mn
unphysical...

and if there’s no conical V!(rb) — ]_/2n
singularity

Result;




NUTs and Bolts of AdS

12

N2 n*
oe = 7o 1= 1-485+1445

reality of the radius,and also rp,> n

1 #§ %
ives: n! [ =" — | | = Nmax
& 6 12 a

This gives a range of values for which Taub-Bolts exist.

Notice that the AdS value [ = 2n is not in this range.



NUTs and Bolts of AdS

Notice the analogy with the black hole case:

The parameter n controls the period 1

: : : T =
of Euclidean time and hence: I n

There is a branch of small and large
radius bolts.

There is a NUT solution to compare
each bolt to for every n.

Next, do the Gibbons-Hawking calculus and see if there’s a
sensible thermodynamics story.



NUTs and Bolts of AdS

Action Calculation:

1 - 1 =
[= — d* R—2A)——  d’x O
160G um V8l ) 8T oM VY

So:

3

4
= = M
8:rcG/dx\/_ 8nG Z2VOZ( )

So this is infinite. Regulate by first working at finite boundary, and computing
difference between volumes of Bolt and NUT matched at same temperature...



NUTSs and Bolts of AdS

Action Calculation:

2I'n (rp—n)%(rg —6nrp—n?)

b= —
" Gl? N, — 2N

Positive for:




NUTs and Bolts of AdS

Thermodynamics
very similar to

Hawking-Page-
Witten story!

Phase structure: —

HP(W) 0 Te T

Phase structure: —————————————————————————————

(CEJM) 0 Te T

Further evidence that
several of our expectations

were on right track!



A Return To Black Holes

CEJM: So what about Reissner-Nordstrom black holes?

What’s the phase structure there?

What would the U(1) gauge field correspond to!?

Use a subgroup of the R-symmetry SO(6)

Key observation:




A Return To Black Holes

Another motivation: This is the road to finite density QCD!

Need to study phase structure in presence of “baryon number”
Looking for a U(1) which plays this role.
Use a subgroup of the R-symmetry SO(6)

Diagonal U(1) of Cartan subalgebra is one such choice.



A Return To Black Holes

So we considered a Reissner-Nordstrom black hole in AdS.

ds’ = —V(u)dt* +V (u)"'du* + u*d! 3

RN VI« SV
V()= 11 S+ ot
A= §ﬂ+!

4u?




A Return To Black Holes

d>1/e, ¢<l/e, and d=0 respectively



A Return To Black Holes

q>erit, 9<qerit, and g=0, respectively



A Return To Black Holes
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A Rich Phase Structure

Resulting phase structure:

o

Extremal
black holes

-

Non-extremal
black holes

critical
point
>

s

g

'\ Non-extremal

black holes

(3)

...Just like aVan de Waals gas!



A Rich Phase Structure

Resulting phase structure:

A
AdS-RN First order phase

Black Holes T— transition

AdS



Promising step towards real QCD?

RHI(:I ............. . QUﬂr‘k" ‘ gfg;j::::f ? ‘
Glunn /
Plasma

+ Chiral symmetry
Hadronic restored
matter I** order
line ? e
~
Chiral symmetry Colour
broken superconductor

&
Muclei Meutron stars Hp



Toward QCD

| tried to generate interest in this back in
1999/2000... no success.

Since then, the issue has been revisted..... Kovtun, Son, Starinets; Nastase... others.....

The quark-gluon |
plasma’s properties are — is implied to be unusually small by RHIC data.

rather unexpected.

This is very natural in AdS/CFT...

There have been other interesting related observations too....



Toward QCD
Adding fundamental flavours.

One approach is inspired
by role of D3-D7 strings:

Dfbranes




Take near horizon limit of N D3-branes

Nf D7-branes

Get a sensible, controllable
geometry when:

N large
N = A = finite

812/MNf =0




Karch-Katz ‘02, Kruczenski et al ‘03

A D7-brane in the probe limit sees on its worldvolume:

U2! " !2 !2 u2_L2
ds’ = 5 —dt*+ A+ d+dxg + du+ ( )42

Large u is just AdSs x S°



D7-branes

dynamical
fundamental
quarks

A/D%branes
U __vanish )



Phase Structure With Flavours

A A

J.Erdmenger , N.Evans, Z.Guralnik , I.Kirsch , hep-th/0306018
Kirsch, hep-th/0406274

Mateos, et. al., hep-th/0605046
Tameem Albash,Veselin Filev, Clifford V. Johnson,Arnab Kundu, hep-th/0605088, hep-th/0605 175
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Phase Transition

Energy
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