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Introduction

& What is string theory?

Not only string, there are many extended objects:

yrZa

M/V/

Superstring: F1, Dp, NS5, = - -
M-theory: M2, M5

Understanding the dynamics of these branes are important
to reveal non-perturbative aspects of string theory



Introduction

@ Thermodynamics of D & M branes from AdS/CFT

N Black brane solutions (SUGRA analysis) predict
the free energy F and the spreading of the branes ¢ as:

(7 p)

0 N Dp-branes: f ~ NZT N
typical spreadin _2 . _1
[yofcthe branesg] |¢| ~ T5—P A5—P

( A:'t Hooft coupling of Dp, SUGRA is valid when A3*77 > 1))
M-theory N M2-branes: F ~ N3/2/kT3
¢ ~ N1k~ aTz
N M5-branes: F' ~ N3T9
¢ ~ NT?



Introduction

What is the microscopic origin of
the exotic N dependences of the M-branes?

cf) QGP: F' ~ N? , confinement gas: ' ~ 1 , N particles: F' ~ N
N Dp-branes: N@T2(57—_pp) 5=
2 1
6] ~ T2

( A:'t Hooft coupling of Dp, SUGRA is valid when A3*77 > 1))

M-theory N M2-branes: F @\/ETS

¢ ~ N1k~ iTz
N M5-branes: I w@"G
¢ ~ NT




Introduction

What is the microscopic origin of
the exotic N dependences of the M-branes?

AdS/CFT (gauge/gravity) correspondence

SUGRA <——— gauge theory
(macro) (micro)

We will estimate these results from dual gauge theories.
(cf. Localization calculations of the gauge theories on spheres at T=0)

M-theory N M2-branes: F m@\/ET?’

¢ ~ N1k~ iTz
N M5-branes: I N®"6
¢ ~ NT



Introduction

€ Motivations

Understand the dynamics of M-branes, which might be
the most fundamental objects in superstring/quantum gravity.

* Understand the black hole micro states.  (cf. D1-D5-P system)
—> Hawking radiation, Information paradox, Fire wall?

* Understand the SYM/SCFT at strong coupling.

* Temporal circle «— spatial circle:
Witten’s Holographic QCD/Sakai-Sugimoto model, SUSY GHU

M-theory N M2-branes: F WTB
¢ ~ NTK™ T3

N M5-branes: F’ N@TG

o] ~ NT*
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[For DO, 2008, Smilga]
Black Dp-brane from SYM [For Dp, 2013, Wiserman]

@ Effective theory of N Dp-branes = p+1 dim U(N) SYM

N 1 1 1
Spp = N [depa: Tr LFﬁV + §(DNCI>I)2 — Z[(I)I,(I)JP 4.
-(3-p) p+1) 4

‘ mass dimensions of the fields (We will consider dimensional analysis later.)

‘t Hooft coupling: [\] =3 —p , adjoint scalar: [®'] =1 (I=1,---,9—p)

€ Moduli at T=0

We are interested in the dynamics of the strong coupling regime A5 7 > 1,
in which the gravity analysis is valid. This regime is effectively low temperature.
— dynamics at T=0 may be important.

A,u-,ab = a,u,,aaab
Moduli ol =¢ls,, (constants)
—
(a,b=1,--- N)



[For DO, 2008, Smilga]
Black Dp-brane from SYM [For Dp, 2013, Wiserman]

@ Physical meaning of the moduli

AL <ttt

#L : position of the a- th Dp-brane

(l

Moduli- No interactions between the parallel branes at T=0 (BPS).

€ Moduli at T=0

We are interested in the dynamics of the strong coupling regime A5 7 > 1,
in which the gravity analysis is valid. This regime is effectively low temperature.

— dynamics at T=0 may be important.
A,u-,ab = a,u,,aaab
Moduli ol =¢ls,, (constants)
V=10
(a,b=1,--- N)



[For DO, 2008, Smilga]

Black Dp-brane from SYM [For Dp, 2013, Wiseman]

@ Low temperature effective theory of the moduli

Y assumption: 8¢, >1 (scale of the moduli) >> (temperature)

The off diagonal modes become massive and we integrate out them.
cf. Higgs U(N) — U(1)V (We ignore a,, , hereafter.)

‘ Seffectlve _

Here,

Sggssical 1+ Sgr;e-lo‘)p -+ higheI‘ IOOPS

claq«ncal N [dePQjZ( o 18;@ )

one-loop
S <

-

e )
Thermal corrections

Spwrse oc e~ Plee=®l 5 0, - We can ignore them.

*Non-thermal corrections (independent of T)

N
one-loo 2 : (agba - 8¢b)4
SDp,Tzé) ~ _dede |¢a — gbb‘r?_p + “/1; )
a,b=1 )

Bqﬁg > 1



[For DO, 2008, Smilga]
Black Dp-brane from SYM [For Dp, 2013, Wiserman]

4 Comments on the non-thermal one-loop potential

N «— 8 [numerator]
one-loo (agﬁa - 8@5)4
SDp,T:()p ~ —/d’rdp:n Z |be — |7 P +o
a,b=1 ’
-(p+1) \-(7-p) [denominator]

The shape of the potential is roughly fixed by SUSY.

No ()" potentials without derivatives (9¢)™ (moduli at T=0)
- No (9¢)* potentials (non-renormalization)

- corrections start from (9¢)%,

- Dimensional analysis, [¢!] =1
- The factor of the denominator is fixed as 7-p.

1
o & Correct power of the classical gravitational potential
a between the Dp-branes in 10 dim spacetime.
I ! -
= > ) one-loop in gauge theory (open sting)

- 2 tree level in SUGRA (closed string)




[For DO, 2008, Smilga]
Black Dp-brane from SYM [For Dp, 2013, Wiserman]

€ Low temperature dynamics of the moduli

Seffectwe Sclasswal 1 Sone loop + higher loopS

Scl;qmcal /dep:EZ( ot Iauqb )

a¢a. - 8@5)4
Sone loop /depx ( 4
P a%:jl |¢a - (ﬁb‘?_p

¥ Estimations:
We estimate the configuration at low temperature as follows

1. L ~ ¢L — ¢} = ¢ (uniform distribution)
2. 0l ~ T¢ (derivative ~ temperature)
3. Strong coupling Spassical ~ gprerloor . guisher-loop

Dp Dp
N2 chsmcml one-loo
1.&2. Lg;ssmal - TT2¢2 3 Equating Lj LDp p
I A2 ) O~ Ts—p/\ss—p

one- loop
For P3P (Bl > 1is OK, if A\3>77 > 1)




[For DO, 2008, Smilga]
Black Dp-brane from SYM [For Dp, 2013, Wiserman]

€ Low temperature dynamics of the moduli
@ Free energy

By substituting ¢to Sp,, we obtain free energy:

2 2(7—p) _3-p

Fpp ~ Spp/BVy ~ N“T 5= N\ 5=r
¢~ T5F N7

- Agrees with SUGRA.

¥ Estimations:
We estimate the configuration at low temperature as follows
1. L ~ ¢L — ¢} = ¢ (uniform distribution)
2. 0l ~ T¢ (derivative ~ temperature)

. classical one-loop higher-loop
3. Strong coupling Sp, ~ Sp, ~ Spy,

o N2 H classical one-loo
1. & 2. Lg;smcal ~ TT2¢2 3 Equat|ng LDp ~ I P

Dp
) . mem)  §~ TS A\T

Lone—loop -~

bp P3P (Bl > 1is OK, if A\3>77 > 1)




[For DO, 2008, Smilga]
Black Dp-brane from SYM [For Dp, 2013, Wiserman]

€ Short Summary of this section

% We study the dynamics of the moduli ol in p+1 dim SYM.

¥ SUSY fixes the one-loop potential.
N
one-loop ~ P (305(] - 8¢b)4 L
SDp '[dfrd ma;l —W)a By + ,
¥ Estimations:
We estimate the configuration at low temperature as follows
1. ¢;§ ~ Qbi - ¢£ = ¢ (uniform distribution)
2. ¢! ~ T¢ (derivative ~ temperature)

: classical one-loop higher-loop
3. Strong coupling Sp, ~ SDp ~ SDp

. | Fop ~ S0p/ BV ~ N2T755 27555
¢ ~ T55 \5=7

— Agrees with SUGRA.



= Sufficiently separated D-branes (Higgs)

s (]

| V |7

_ heavy
light # of light modes =N > F' ~ NTPt!

* Coincident D-branes (free QGP)

light # of light modes = N2> F ~ N27P*1

The black Dp branes are the middle of these two configurations.

¢~ TFF N7

g L L

2(7—p)

8o, > 1 but still the interactions are important. > Fp, ~ N°T 5-7 A~

3—p
5—p
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Black M2-brane from ABJM (2013 T™-shiba]
@ Effective theory of N M2-branes = ABJM theory (3d SCFT)

Smz = kdedQQZTr {%(D!L(DI)Q + ((I)I)6 4.

-3 3
€ mass dimensions of the fields

CS level: [k] =0, bi-fundamental scalar: [®'] = 1/2 (I=1,---,8)
€ Moduli at T=0: ®%, = ¢%6.s (a.b=1,--- ,N) positions of M2-branes

@ the non-thermal one-loop potential (2008, Baek-Hyun-Jang-¥i]

(SUSY & dimensional analysis)
L/ 4+4 X 1/2=6

(Ogpa — Ogp)*
ne-1 2 a b
sgteg - a3 g
\ -6 % 1/2=-3
1 6=8-2=7+1-p (p=2)
76 & Correct power of the classical gravitational potential
a between the M2-branes in 11 dim spacetime.

3d SCFT knows the 11 dimension!




Black M2-brane from ABJM (2013 T™-shiba]

€ Dynamics of the moduli (we assume 8% > 1.)

Seffectwe Sclassu:al Sone—loop + hlgher lOOpS

Sclaqqlcal /deQxZ( o Ia,ugb )

one-loo a¢a a¢’b
ST ~ /dm?ggz b T

¥ Estimations:
We estimate the configuration at low temperature as follows

1. L ~ ¢L — ¢} = ¢ (uniform distribution)
2. 0l ~ T¢ (derivative ~ temperature)

3. Strong coupling Sglassical SK/}“;‘IOOP ~ sﬁgher'loop

1. &2 Lclassmal k‘NngbQ 3 Equating Lﬁl&ssical -~ Lﬁ/r{lze-loop
. . : i, 1.1
— yopt Wy p o NikTIT>

one-loop _
g ¢? (8420 > 1is OK, if N/k>1.)




Black M2-brane from ABJM (2013 T™-shiba]
@ Free energy

By substituting ¢to Sws, we obtain free energy:
3
Fyg ~ N2VET?
¢~ Nik~ 172

(615 scales with N, akin to the localization matrix model.)

— Agrees with 11dim SUGRA.

¥ Estimations:
We estimate the configuration at low temperature as follows
1. L ~ ¢L — ¢} = ¢ (uniform distribution)
2. 0l ~ T¢ (derivative ~ temperature)

3. Strong coupling Sglassical SK/}“;‘IOOP ~ sﬁgher'loop

1. & 2. Li/llastical ~ ENT?2 ¢2 Equating Lﬁllagsfsical N LK/IEQQ_IOOP

3,
) yop R ¢NN%k—%T%

Lone—loop -~
M @2 (817261 > 1is OK, if N/k>1.)
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Black M5-brane from 6d SCFT (2013 T-shibal

@ Effective theory of N M5-branes = 6d (2,0) SCFT
Sy = UNKNOWN !

But the moduli @é, which represents the positions of the M5 must exit.

@ Classical action of the moduli (= N single-M5-brane action)
Sﬂs?mcal '/deox Z ( oM ¢I ]JQSI)

€ mass dlmen5|on pl]=2 (I=1,---.5)

I((

@ the non-therma one-Ioop” potential
(SUSY & dimensional analysis)
B L— 4+ax2=12
St ooR ~ — f drd’z Z (94 3@;)
‘Qba Qﬁb‘
™ 3x2-6
1 3=8-5=7+1-p (p=5)

3 & Correct power of the classical gravitational potential
Qa between the M5-branes in 11 dim spacetime.

6d SCFT knows the 11 dimension!




Black M5-brane from 6d SCFT (2013 T-shibal

€ Dynamics of the moduli (we assume 56, >1 )

Seffectwe Sclassmal Sone loop + hlgher IOOpS

Sclasqlcal /de5$Z ( M Ia,uqﬁ )

8¢u a@b
one-loo 5
SNL) T= 8 /de Z |d)a ¢b|3 T

¥ Estimations:
We estimate the configuration at low temperature as follows
1. L ~ ¢L — ¢} = ¢ (uniform distribution)
2. 0l ~ T¢ (derivative ~ temperature)

H classical one-loop higher-loop
3. Strong coupling Sy ~ Syt ~ Syp®

one-loop
~ L M5

1. & 2. Lclasswal NT2¢2 3 Equatlng Lcl assical
; 2
e S R , === ¢~ NT

- ( B8%6L > 1 is OK,if N >1.)



Black M5-brane from 6d SCFT (2013 T-shibal

@ Free energy

By substituting @to Sms we obtain free energy:
Fys ~ N°T©
¢~ NT?

- Agrees with 11dim SUGRA.

¥ Estimations:
We estimate the configuration at low temperature as follows

1. L ~ ¢L — ¢} = ¢ (uniform distribution)
2. 0l ~ T¢ (derivative ~ temperature)

H classical one-loop higher-loop
3. Strong coupling Sy ~ Syt ~ Syp®

1. & 2. LICV]I%SSiCal -~ NT2¢2 Equating LR}%‘“SiCﬂl N Lﬁfg'lool’

3. 9
- L‘Ii/?se'b(’p ~ N2T4 ‘ Qﬁ ~ NT

( B8%6L > 1 is OK,if N >1.)



= Sufficiently separated M-branes (Higgs)

| 1/7 L
) heavy
light # of light modes =N > F' ~ NTPH1
* Coincident M-branes
light membrane #of light modes=?? > F ~ ??

The black M-branes are also the middle of these two configurations.

g L L

B2l > 1 (3261 > 1) but still the interactions are important.



Summary

We can reproduce the black brane thermodynamics form
SYM and SCFT. These results suggest the following points:

* Black hole micro states = Dynamics of the moduli fields ¢.
(z QGP?)

* SUSY is crucial to reproduce SUGRA from field theories.

* The dynamics of M2 and M5 are similar to Dp.
—> M2 and M5 brane are not so exotic objects.



Future directions

* Exact computation, like the localization technique.

 Study ABJ theory to see the ABIJ triality.
— Connection between SUGRA and HS theory.

* Understand the universal viscosity ratio.

* Understand Witten’s Holographic QCD and Sakai-Sugimoto
model.
— Confinement/chiral symmetry breaking in 4d QCD
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[For DO, 2008, Smilga]
Black Dp-brane from SYM [For Dp, 2013, Wiserman]

‘ p=5 case [Workin progress, TM-Shiba-Wiseman-Withers]

@ Free energy

By substituting ¢ to Sp,, we obtain free energy:

2
5Vl —> Agrees with Hagedron nature of
@ : undetermined black D5 in SUGRA.

(The position of the horizon is not fixed.)

2
Eps ~

Y Estimations:
We estimate the configuration at low temperature as follows
1. L ~ ¢L — ¢} = ¢ (uniform distribution)
2. 0l ~ T¢ (derivative ~ temperature)

. classical one-loop higher-loop
3. Strong coupling Sp, ~ Sp, ~ Spy,

’ 1 assica -
1. & 2. Lg;ssical ~ N—T2¢2 Equatlng LCS;?% cal LDDI;E loop

A 3.
— pometoon | N7 ) T~ 1/VA

@ : undetermined



