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1. AdS/CFT with D7-branes
—> fundamental matter

2. AdS/CFT thermodynamics

3. Probe brane thermodynamics
—> self-similar embeddings
——> first-order phase transition

4. Conclusions/Future Directions
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Decoupling limit of N D3-branes with k D7-branes

N coincident D3-branes:

D7

N\

-

A/Lv
d=4 U(N) o.s., d=8 U(k) o.s.
& bifundamental 3-7 o.s.

Low-energy limit with o/EQ, L2/o/ — 0

* throat geometry: AdS, X S°> with k D7’s

(Karch and Katz)

$ et

black brane with R4 ~ gsNa/?

* brane theory — N =4 U(N) SYM with fundamental matter



Field theory:

N =4 U(N) super-Yang-Mills

> adjoint in U(N)

coupled to: k massive N =2 hypermultiplets

& global U(k)

* SUSY: N=4 - N=2
* SO(6) — SO(4) = SU(2). X SU(2)r  { X U(T)g Jm=0

1 1
Qi (0757 1)1 q+ (07570)1 X+ (0707:|:1)
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Witten:; .....
AdS/CFT thermodynamics:

Gauge theory thermodynamics = Black hole thermodynamics

Replace AdS; with (planar) AdS black hole:
2 2
ds? = L, ( f(r)dr? + dfz) - & dg;)

R 2
with f(r) =1 — :—O
Wick rotate and apply techniques of euclidean path integral:
smoothness atr=r;; Ar =3 = 7732 =1
Euclidean action:
Ip = _16+G5 | d5a:\/§ (R(g) —+ ]%{—3) + G-H term + counter-terms
free-energy density: f = Ig/BVy = —fggz 54
entropy density: s = 329,f = moL2 1 _ m2 N23
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AdS/CFT thermodynamics with D7-branes:

put D7-branes in AdS black hole background
AdS boundary

form, < T, D7 extends into the black hole without closing off
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AdS/CFT thermodynamics with D7-branes:
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Babington, Erdmenger, Evans, Guralnik and Kirsch

AdS/CFT thermodynamics with D7-branes:

Thermal background: r D7 embedding: 6(r)

2 __ r? 2 -2\ | R2 dr? 2 [ n2 ) 2 2 2
ds —ﬁ<—f(fr)dt + dz )+T—2f(r)+R [de + sin26 d¢2 + cos ed§23}

with f(r)=1- :—f){



Babington, Erdmenger, Evans, Guralnik and Kirsch

AdS/CFT thermodynamics with D7-branes:

Thermal background: improved radius p2 = 72 4 /72 — r2
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AdS/CFT thermodynamics with D7-branes:

ds? =

easier to calculate embedding with: | 1(p) = sin 6(p)

Thermal background: improved radius p2 = 72 4 /72 — r2

N|—

g—i (—%dﬂ +f (p)df2>+§—§ dp? + p? (d6? + sin%0 dp? + cos20 d23)

4
"o
yi

D7 embedding: 6(p) -’ with f(p) =1- 8
flp) =1+ ;—2




Babington, Erdmenger, Evans, Guralnik and Kirsch

AdS/CFT thermodynamics with D7-branes:

Thermal background: improved radius p2 = 72 4 /72 — r2

ds? =

N|—

g—i (—J;S(—f;})zdﬂ +f (p)df2>+f—§ dp? + p? (d6? + sin%0 dp? + cos20 d23)

D7 embedding: 8(p) J with f(p) =1 —%
floy=1+7%

easier to calculate embedding with: | 1(p) = sin 6(p)

C Il'.
p3

asymptotically:  ¥(p) = Rgo |



Babington, Erdmenger, Evans, Guralnik and Kirsch

AdS/CFT thermodynamics with D7-branes:

ds? =

easier to calculate embedding with: | 1(p) = sin 6(p)

Thermal background: improved radius p2 = 72 4 /72 — r2

I\Jll—l

v ( J;((f”) dt? + f(p)da_:'2>—|—R—2 dp? + p? (d6? + sin%0 dp? + cos20 d23)

D7 embedding: 6(p) o with f)=1-7%
flp)=1 + TO

asymptotically: ¥ (p) = ROO S 4
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For SUSY background (r,=0), ¥ (p) = ?’O



ds? =

Babington, Erdmenger, Evans, Guralnik and Kirsch

AdS/CFT thermodynamics with D7-branes:

Thermal background: improved radius p2 = 72 4 /72 — r2

N|—

g—i (—J;S(—f;})zdﬂ +f (p)df2>+§—§ dp? + p? (d6? + sin%0 dp? + cos20 d23)

D7 embedding: 8(p) J with f(p) =1 —%
floy=1+7%

easier to calculate embedding with: | 1(p) = sin 6(p)

asymptotically: ¥ (p) = Rgo |
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Babington, Erdmenger, Evans, Guralnik and Kirsch

AdS/CFT thermodynamics with D7-branes:

Thermal background:

ds? =

N|—

§—22 (—%dﬂ +f (p)de) +f—§ dp? + p? (d6? + sin20 dp? + cos20 d23)

4
"o

D7 embedding: ¢¥'(p) = sin6(p) J with f(p) =1 - ps

; 5 4
Numerical results: flp) =1+ ;—E{
2 .5

R = psiné

Minkowski embeddings: close off smoothly

Black hole embeddings: fall through horizon

BH horizon: p = 7o

BT — pCos 6
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Thermal D3/D7 System:

Quark condensate (Y1) versus quark mass Mgy /T
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third-order transition? — needs refinement



Babington, Erdmenger, Evans, Guralnik and Kirsch
[arXiv:hep-th/0306018]

Thermal D3/D7 System:

Quark condensate (Y1) versus quark mass Mgy /T

< A
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0.04 J
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T
0.2 0.4 0.6 0.8 1.0 1.2 m

critical behaviour and first-order phase transition



Frolov, Larsen and Christensen
Critical Self-Similar Embeddings: [arXiv:hep-th/9811148]

Thermal background: r D7 embedding: 6(r)

ds? = 12 (—f(r) di? + dz?) +15 ng(’“ S+R? [0 4 sin20 dg? + cos?0 d$23)
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Frolov, Larsen and Christensen
Critical Self-Similar Embeddings: [arXiv:hep-th/9811148]

2 __ r? 2 -2\ | R? dr? 2 [ 1902 ) 2 2 2
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- with f(r)=1-179

Zoom in on horizon at axis




Frolov, Larsen and Christensen
Critical Self-Similar Embeddings: [arXiv:hep-th/9811148]
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Zoom in on horizon at axis
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Critical Self-Similar Embeddings: [arXiv:hep-th/9811148]
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Frolov, Larsen and Christensen
Critical Self-Similar Embeddings: [arXiv:hep-th/9811148]
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Frolov, Larsen and Christensen
Critical Self-Similar Embeddings: [arXiv:hep-th/9811148]

embeddingeaqn: ZRR" 4 (RR' — 3 Z) (1 i R’Q) —0
critical soln: ‘ R=+/3Z7 ‘ —> (Mg, c*)
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Frolov, Larsen and Christensen

Critical Self-Similar Embeddings: [arXiv:hep-th/9811148]
embeddingeqn: ZRR'+ (RR —37) (1 —+ R’Q) =0
critical soln: ‘ R=+3Z ‘ —> (Mg, c*)
scaling: R= f(Z) =—® R= f(AZ)/\
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Critical Self-Similar Embeddings: [arXiv:hep-th/9811148]
embeddingeqn: ZRR'+ (RR —37) (1 + R’Q) =0
critical soln: ‘ R=+3Z ‘ —> (my,c")
scaling: R=f(Z) =—® R= f(AZ)/\

R(Z=0)=Rg =—» R(Z=0)= Rp/\
attractor: linearize R = /327 4 p(Z) (farfrom Z=0)

R=+32+273/2 [a sin (flog Z) + b cos (flog Z)]

a\ _ \-5/2 cos(v/7/2log ) sin(v/7/2log ) a
b | —sin(+/7/21og \) cos(v/7/2log ) b

fixing fiducial Ro = 1,then A = 1/Rg
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Critical Self-Similar Embeddings: [arXiv:hep-th/9811148]
embeddingeqn: ZRR'+ (RR —37) (1 + R’Q) =0
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Frolov, Larsen and Christensen

Critical Self-Similar Embeddings: [arXiv:hep-th/9811148]
embeddingeqn: ZRR'+ (RR —37) (1 + R’Q) =0
critical soln: ‘ R=+3Z ‘ —> (my,c")
scaling: R=f(Z) =—® R= f(AZ)/\

R(Z=0)=Rg =—» R(Z=0)= Rp/\
attractor: linearize R = /32 4 p(Z) (farfrom Z=0)

R=+32+23/2 [a sin (flog Z) + b cos (flog Z)]

a ) _ p5/2 cos(v/7/21og Ryg) —sin(v/7/21og Rp) a
b ) 0 sin(v/7/2log Rg) cos(v/7/21og Rg) b

asymptotic parameters: ( 5?;‘1 ) — A ( Z )



Frolov, Larsen and Christensen

Critical Self-Similar Embeddings: [arXiv:hep-th/9811148]
embedding ean: Z RR"+ (RR' —32) (1+ R?) =0
critical soln: ‘ R=+327 ‘ —> (Mg, c*)
scaling: R= f(Z) =—d R= f(AZ)/\

R(Z=0)=Rg =—» R(Z=0)= Rp/\
attractor: linearize R = /327 4 p(Z) (farfrom Z=0)

R=+32+273/2 [a sin (f log Z) + b cos (f log Z)]
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Frolov, Larsen and Christensen

Critical Self-Similar Embeddings: [arXiv:hep-th/9811148]
embeddingeqn: ZRR' 4 (RR' — 3 Z) (1 i R/Q) — 0
critical soln: ‘ R=+327 ‘ — (m;';, c™)
scaling: R=f(Z) =% R=f(AZ)/\

R(Z=0)=Rg =—» R(Z=0)= Rp/\
attractor: linearize R = /32 4 p(Z) (farfromZ=0)

R=+32+273/2 !a sin (f log Z) + b cos (*f log Z)]

( Smyg ) R5/2 ( cos(v/7/2log Rg) —sin(v/7/21og Rp) ) < S1ig )
sin(v/7/2log Rg) cos(v/7/21og Rg)
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Mink embeddings
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Phases do not join “smoothly” " \
but rather spiral in on critical _~*
solution o \\
o ¥~ BH embeddings
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Mink embeddings

c/ T3
T/m
/ 2 3 4 5 /mq

» —-0.05

Phases do not join “smoothly

but rather spiral in on critical _~" \
solution 018 \
o ¥~ BH embeddings
-0.25
o/ T?
-0 .04

Similarly for other
physical properties!
e.d., entropy




Brane Thermodynamics:

» calculate D7-brane contributions to thermal quantities
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Brane Thermodynamics:

» calculate D7-brane contributions to thermal quantities
using same Euclidean action techniques

In7 =Ty [ d8cy/det P[Gly,

T RATy [ d*o /7 (1 — 292 + ¢4

need boundary counter-terms! J (Karch, O’'Bannon and Skenderis)



Brane Thermodynamics:
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Brane Thermodynamics:




Brane Thermodynamics:

_ , _
In7 _ R All (P2,  R2 Roo ~
Bz =[Af (fx) - | (2mgn — )" — 4l

G () = 52, s [ (1= %) (1-92) (1 - w2+ P 2) 7 - 32+ B

strong coupling! J



Brane Thermodynamics:

strong coupling! J

Brane entropy:
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Brane entropy:
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Action density:
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Action density:

1/T°
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~0.0295 oy

~ 0.755 0.76 0,765 0.77 0.775 0.78
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Conclusions/future directions:

» Self-similar embeddings are universal for probe branes
in black hole bkgd’s (eg, D4/D6 “same”)
— universal feature for many gauge/gravity
dualities with fundamental matter

» first order phase transition also seems universal
* probing self-similar region??

 how robust are these features?
— finite N;/N.? Hawking radiation?

* (Brane) Entropy = (Horizon) Area ?? ( okay )
e viscosity: n/s = 1/4n ?? (workin progress )



