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What is “"the universality of strongly coupled
field theories at finite temperature’?

Universal??

g>1

:> Black Holes

Application of AdS/CFT

Field theories

at finite temp

(coupling const.: 9 )

- QCD (AdS/QGP)
» Condensed matter (AdS/CMT)

| will test this conjecture in string theory
by investigating gauge theories.




The original conjecture in string theory

N>1
ge N > 1

The maximally
supersymmetric
U(N) gauge theories
at finite temp

Black Dp-Branes

gauge/gravity duality
‘97 Maldacena

i .. gy M
(coupling const.: 9 ) ‘98 Itzhaki, Maldacena, Sonnenschein, Yankielowicz

How do the black hole natures appear
in the supersymmetric gauge theories?

- It may illuminate what are the essences of the duality.
Strong coupling? Large-N? SUSY?

— It may be helpful to understand the AdS/QCD and AdS/CMT.



Plan of talk

Brief Review of the gauge/gravity correspondence
and the SYM theories

Thermodynamics of the SYM theories
Black brane thermodynamics from the SYM theories

Discussions



The gauge/gravity proposal was triggered
by the discovery of Dp-branes.

W Dp-brane

p+1 dimensional objects
in 10 dim string theory

& Two aspects H/V/
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Open string can end on the branes. The branes can curve the spacetime.
open string = gauge field spacetime = gravity = closed string

-> gauge theory - 10 dim supergravity



The gauge/gravity proposal was triggered
by the discovery of Dp-branes.

[Gauge theory and gravity theory must be related}

& Two aspects
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Open string can end on the branes.

open string = gauge field
-> gauge theory

The branes can curve the spacetime.

spacetime = gravity = closed string
- 10 dim supergravity



@ Review of the p+1 dim gauge theory on N Dp-brane.

Today, | will focus on the gauge analysis.
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& Two aspects
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Open string can end on the branes.

open string = gauge field
- gauge theory

The branes can curve the spacetime.

spacetime = gravity = closed string
- 10 dim supergravity



€ Review of the p+1 dim gauge theory on N Dp-brane.

Gauge theory on the N Dp-branes
= p+1 dim U(N) maximally supersymmetric YM theory

QAction
S = N d dPxT 1Dq>” 1q>fq>“
- T L1r 4 ,uu 2( B ) _Z[ ’ ] +

4ij (= -.p) p+1 gauge field
<T>f_}- (I=p+1,---.9) 9—padjoint scalar
Wi adjoint fermions

Z.aj - ]-7 e
Ap = gpN 't Hooft coupling of Dp, the mass dimenison is 3-p.

- A natural dimensionless expansion parameter is \,/7°77.

T : temperature



@ Review of the p+1 dim gauge theory on N Dp-brane.

@ Physical meaning:
N sjrleets 10dim spacetime = (p+1) + (9-|?r)

’ N o Y
A/\/.‘\ Ai—_; (p=0.1,---.p) p+1 gauge field
(J\/o o <T>fj (I=p+1,---.9) 9—padjoint scalar
/\/. Wi adjoint fermions
pr
V‘%T}/ A_yf i,j=1--,N
i et

(-'")l « 8 C)‘_\:v

IMPORTANT POINT:
The eigenvalues of the scalar <.I>fJ represent the positions of the branes on ¥

¢1

The details of the model are not important

P = . S
v but just remember this point in this talk.

O

f the positions of the i-th brane on ¥y ! direction



Plan of talk

Brief Review of the gauge/gravity correspondence
and the SYM theories

Thermodynamics of the SYM theories

Black brane thermodynamics from the SYM theories

Discussions



@ Free energy density of N Dp-branes at finite temperatures

(The coefficients are omitted.)

Weak coupling \p/T? P ~1  Strong coupling Ap /T3
_3
DO:  N°T N2)\ 5T%
1
D1: N2T2 N?)\l_ﬁTB
. 2m3 _1
D2:  N2T NI T
. 24
D3: NT N2T4
D4: N2T5 NZM\TO
SYM calculations Gravity analysis
Stefan-Boltzmann law Area law of black brane
Areca

*Sf('ntr'n ) A —
' P 4G N



@ Free energy density of N Dp-branes at finite temperatures

(The coefficients are omitte«
@ Analysis in the weak coupling

Using the p+1 dim SYM.

Weak coupling

N 1 1
_ - p+1 Z 2 _ )2
DO: ( NQT \ S = N /d xTr [4Fuu+ 2(DM(I ) + ]
D1: N2T?2 Perturbation around @/ = 0 .

( @' :positions of the branes.)

D2: N2T3 _
The distances between
D3: N2T4 the branes are short.
- N X N light string modes
. 2md
D4: \ N*T ), (mass of open string ~length)
SYM calculations
N branes
Stefan-Boltzmann law According to the Stefan-Boltzmann law

2 +1
\_ F ~ N?T? Y,




@ Free energy density of N Dp-branes at finite temperatures

(The coefficients are omitted.)

Weak coupling \p/T? P ~1  Strong coupling Ap /T3
_3
DO:  N°T N2)\ 5T%
1
D1: N2T2 N?)\l_ﬁTB
. 2m3 _1
D2:  N2T NI T
. 24
D3: NT N2T4
D4: N2T5 NZM\TO
SYM calculations Gravity analysis
Stefan-Boltzmann law Area law of black brane
Areca

*Sf('ntr'n ) A —
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@ Free energy density of N Dp-branes at finite temperatures

(The coefficients are omitted.)

‘ Analysis in the strong couplin?

3—
Strong coupling Ap/T™7F

Use 10dim SUGRA, which is
valid at A\,/7% 7 > 1.

N Dp-branes
at finite temperature

N

Black Dp-brane solution

According to the Black hole thermodynamics

2(7—p) —32=L
-Pp

F~N2TT50 )\, °7

. _JF Area
Hentropy T oT 4G N

\ Area law /

N2 ST

-1
N2 TP
N2A; 3T

N?*T*

L NZM\TC

Gravity analysis

Area law of black brane
G Areca
PDentropy — T o~

P ‘J:G\



@ Free energy density of N Dp-branes at finite temperatures

(The coefficients are omitted.)

Weak coupling \p/T? P ~1  Strong coupling Ap /T3
_3
DO:  N°T N2)\ 5T%
1
D1: N2T2 N?)\l_ﬁTB
. 2m3 _1
D2:  N2T NI T
. 24
D3: NT N2T4
D4: N2T5 NZM\TO
SYM calculations Gravity analysis
Stefan-Boltzmann law Area law of black brane
Areca

*Sf('ntr'n ) A —
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@ Free energy density of N Dp-branes at finite temperatures

But these two regime look quite different...
Can we understand the law of gravity from SYM?

- Yes! We can explain it through an order estimate.

_3
DO:  N°T N2)\ 5T%
D1: N2T2 NQAI_%TB
D2: N2T3 Nz)\;%T%
D3: N2T? N2T4
D4: N27° N2\ T
SYM calculations Gravity analysis
Stefan-Boltzmann law Area law of black brane
Areca

) —
btmt't'np_\' — -I_-C
< T '\
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& Outlines of the SYM calculations

Weak coupling

@ Analysis in the weak coupling

DO: 4
D1:
D2:
D3:
D4: \

N?T

N*T?
N2T3
N2T?
N2T°

N 1 1
= — [ d"P 2Ty |- F2 + =(D, D) + ..
N S A%/d @ L oy 5 (Du®h)? + ]

Perturbation around @/ =0 .
( ®!:positions of the branes.)

* Perturbative expansions
F o~ N2TPHH 14 N4t -)

?7? 2(7—p> -
~ N2 -p )\p a
Ap/T3P 1

J

Stefan-Boltzmann law

=

It looks hopeless... /

We should try different initial configurations

of the perturbative expansion.




@ Outlines of the SYM calculations DO: Smilga (08

Dp (p<3): Wiseman (‘13)
Dp(p=3,4,6 ): T.M.-Shiba (‘13)

@ Try a separated brane configuration.

AT AR
-

e

+ .A'-!r . !
1 95 ¢ & o ON

e
o
e

In the SYM theories, it corresponds to ,
large values of the diagonal components. ¢ =

Indeed this configuration is a classical solution of the model.

S — N/ dT/dP:UTrLl W+ (D o!)2 _i@qu)J]er



@ Outlines of the SYM calculations DO: Smilga (08

Dp (p<3): Wiseman (‘13)
Dp(p=3,4,6 ): T.M.-Shiba (‘13)

@ Try a separated brane configuration.

I s
-

e

4 4 I v

e
o
e

I
In the SYM theories, it corresponds to , o1
large values of the diagonal components. ¢ =

PN
- The off-diagonal components become massive (i.e. Higgs mechanism).

So we can integrate out them and obtain an effective action
for the diagonal modes.

N N
N 1 (3¢i - 395’)4
Spp ~ " drdPx E (ﬁa“qﬁfﬁuqﬁf) - Z |¢._¢.|7jp T
P i=1 ig=1 """ I



@ Outlines of the SYM calculations DO: Smilga (08

Dp (p<3): Wiseman (‘13)
Dp(p=3,4,6 ): T.M.-Shiba (‘13)

@ Try a separated brane configuration.

% The effective action for the diagonal components

N N
N 1 (D¢p; — O )*
Spp ~ — [ drdPz (—aﬂqs{a ¢{> —~ el SRR
AW ; 2 Pl Z::l (@i — ;77
Kinetic term of each brane Attractive forces between the branes

at long distance (one-loop effect)

/ - They correspond to

the classical gravitational force
0 between the branes.
/ % cf) open-closed duality
* 7
0 ) O One-loop of SYM (open sting)

!

Q) ) Tree of supergravity (closed string)




@ Outlines of the SYM calculations DO: Smilga (08

Dp (p<3): Wiseman (‘13)
. . Dp(p=3,4,6 ): T.M.-Shiba (‘13)
@ Try a separated brane configuration.

% The effective action for the diagonal components

N (1 5 (9¢: — 06;)*
P P s e ! J
Sty . drd x;(Qa qﬁzé?ugbz) > pa— +

Kinetic term of each brane Attractive forces between the branes
at long distance (one-loop effect)

t,j=1

The branes may compose a bound state through the attractive force.

—>We can estimate the total energy via virial theorem.

There we use an assumption: 8qbf ~ Tgbf (derivative ~temp.)
OK for free fields

At large-N and strong coupling (\p/T7? > 1), a solution exists
2(7—p) _p

F ~ N?T 50 )\,

— Reproduces the gravity result (the area low)!!




& Outlines of the SYM calculations DO: Smilga (‘08)

Dp (p<3): Wiseman (‘13)
Dp(p=3,4,6 ): T.M.-Shiba (‘13)

SYM theory can explain the supergravity results.

. . 33—
Weak coupling Ap/T3P ~ 1 Strong coupling A, /T°77
Stefan-Boltzmann law Area law of black brane
(Statistical mechanism) (Gravity)

At large-N and strong coupling (\,/T37? > 1), a solution exists
2(7—p) _p

F ~ N?T 50 )\,

- Reproduces the gravity result (the area low)!!




€ Comments on M2 and M5 branes T.M.-Shiba (‘13)
M-brane: Branes in 11 dimensional M-theory

% The effective action for the Dp-brane

N N
N 1 I I (O¢; — Dp;)*
Spp ~ )\—p/dfdpx E (58”@3“@) - E : | _¢j7j—p T
i=1 i,j=1

We can derive this long distance potential except the coefficient
just by using SUSY and a dimensional analysis.
(The details of the model are not necessary!)

% The effective action for the M2/M5-brane from the 3dim/6dim SCFT

' N1 Nyt i — 0¢5)"
Sy~ [arrn 3 (g0otouel) - XSS =29
i=1 ig=1 17"

Through a similar analysis, we estimate their free energies as

Frrg ~ N2T3  and  Fus ~ N3T°

- These results are consistent with the 11 dim SUGRA including
the famous exotic N dependences of the M-branes.
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€ Summary & Discussions

The gauge theories on Dp, M2 and M5 branes can explain
the black brane thermodynamics at strong coupling.

In string theory, this result is important for
the BH micro states (c.f. D1D5P system ) and M-theory dynamics.

N>1
gyuN > 1

:> Black Dp-Branes

The gauge theories
on the branes
at finite temp




€ Summary & Discussions

The gauge theories on Dp, M2 and M5 branes can explain

the black brane thermodynamics at strong coupling.

@ The following ingredients are essential for the appearance

of the black hole natures in the SYM theories.

* Dynamics of the moduli field ¢!
(Dynamics of the brane
in the transverse directions.)

e maximal supersymmetry
— The appearance of the gravitational
potential at long distance.

e Large-N limit

e Strong coupling

e

U

-

ok
!

D]



€ Go back to the Original Question

Universal??
QCD or CMT g>1
. :> Black Holes
at finite temp
27

(coupling const.: G )

[ QCD and CMT have neither moduli nor supersymmetry... ]

«  Dynamics of the moduli field o/
(Dynamics of the brane

in the transverse directions.) /
* maximal supersymmetry

— The appearance of the gravitational 0

potential at long distance. /
e Large-N limit f /
. (_)1_
‘ )

e Strong coupling




€ Go back to the Original Question
Universal??

g>1

:> Black Holes
??

QCD or CMT

at finite temp

(coupling const.: G )

If QCD and/or CMT behave as black holes,
some different dynamics may work
in these theories.

N>1
GyuN > 1

The gauge theories
on the branes
at finite temp

Black Dp-Branes

Dynamics of the moduli field
maximal supersymmetry
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