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The ABJM theory

field theory Chern-Simons-matter theories in 2+1 dimensions
gauge group: U(N ) X U(N)_g

A

field content (bosonic) -Two gauge fields A,,, 4,

-Four complex scalar fields: C! (I =1,---,4)
bifundamentals (N, N)

action 8 = BOSAl = HEEA = 5B, e LR e = V()

Voot (C')) — sextic scalar potential

Aharony, Bergman, Jafferis & Maldacena 0806.1218




The ABJM theory

The ABJM model has N = 6 SUSY in 3d

it has two parameters

N — rank of the gauge groups

9 . N
t Hooft coupling A ~ -

k — CS level (1/k ~ gauge coupling)

itisa CFT in 3d with very nice properties

- partition function and Wilson loops can be obtained from localization

Gaiotto&Jafferis 0903.2175
Drukker, Marino & Putrov 1003.3837

- has many integrability properties (Bethe ansatz, Wilson loop/ T Kiose, 1012.3999
amplitude relation, ...)

- connection to FOHE!  Fyjita, Li, Ryu & Takayanagi, 0901.0924

it Is the 3d analogue of N=4 SYM




The ABJM theory

sugra description In type IIA : Effective description for N5 << k << N

AdS, x CP3 + fluxes CP3 = C*/(z; ~ %)

N
4 2 2
ds® = L?ds% s + L?dsgps E =l = 2

37 1

F4 — ﬁ (k‘N)iﬂAdSéL

J — Kahler form of CP3

1

— Ty = 5
AT CP1




* The flavored ABJM background




Flavors in the ABJM background

D6-branes extended in AdS,; and wrapping RP? C CP?  Hohenegger&Kirsch 0903.1730
Gaiotto&Jafferis 0903.2175

Introduce quarks in the (IV,1) and (1, N) representation

Ql%(‘]\al) Q2_>(17N) Q1_>(N71) Q2_>(17N)

coupling to the vector multiplet

QJ{ eV Q1 + Q; o ()2 + antiquarks V., V vector supermultiplets for A, A

coupling to the bifundamentals —= C! = (A4;, Ay, B, B))

Q1 AiB; Q1 Q2 Bi A; Q> plus quartic terms in Q, Q’s




Flavors in the ABJM background

ds® = L*ds% 45 + L*dsips

Write CP? as an S%-bundle over S*

4
e ) 2 % 2
dS — L dSAdS4 —|_L [(1 +€2)2 (dé-

where
cos 1df + sin v sin 0dp 5 s%n 0 Sl
sin 1df — cos 1 sin Odp = sinfsing
di) + cos 0d¢ o
£ 0
2 0
SU(2) instanton on S*




Flavors in the ABJM background

D6-branes extended in AdS, and wrapping RP® C CP?

o




The ABJM flavored background

the idea Is now to smear over positions and orientations E. Conde & A.V.Ramallo | 105.6045

N(wwwrﬁ,/fhﬁ,/@,/,@)

E e iection Sflay = Zz 1 ( T [0 @76 en /S detg =it s T 5'7)

K

1
B —5- <_/d10x63¢/4\/— detglO|Q| —|— /d10$07/\ﬂ>
1

0

() is a charge distribution 3-form

C- = ¢~ %K is the calibration form
preserve N=1 SUSY

- no delta-function sources

- much simpler (analytic) solutions

—flavor symmetry : U(1)7




The ABJM flavored background

modified Bianchi identity dFy = 27 ()
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modified Bianchi identity dFy = 27 ()

solution for massless flavors O(r) =m/2




The ABJM flavored background

modified Bianchi identity dFy = 27 ()

solution for massless flavors O(r) =m/2

o0 to vielbein basis

(df,wl,wQ,wS,dﬁ,dgo) —

St — (St 54 ST S Na cliae S* base

E¢ — (E1’ EQ) along the S? fiber




The ABJM flavored background

modified Bianchi identity dFy = 2m ()

solution for massless flavors O(r) =m/2

o0 to vielbein basis

(df,wl,wQ,w3,d0,dgp) —

St — (St 54 ST S Na cliae S* base

E® = (E', E?) along the S? fiber

2

1 1
1+€2d§ E do + &S

1 E? sindy — £S5

(Sin YW~ — COS g0w2)

e

> (sin@w?’ — cos 6 (cosgpwl + singpr))

(—cosfw’ —sinf (cos pw' + sinpw?))

1+ &2



The ABJM flavored background

4 2
e = T s B ( (a2t Z(E“)2>
=1 a=1

1

FQ:S[EME?— (84/\83+81/\82)}

3k
Fy = 7L2 S A,




The ABJM flavored background

4 2
Flavor backreaction ds? = L2ds% o + L2 ( Z(Sz‘)z L Z(Ea)2>

1=1 a=1

_k 1 2 4 3 1 2
F2_§[E ANE?— n(S*AS3+S /\8)}

3k
Fy = 7L2 S A,




The ABJM flavored background

Flavor backreaction

_k 1 2 4 3 1 2
F2_§[E ANE?— n(S*AS3+S /\8)}

3k
Fy = 7L2 S A,




The ABJM flavored background

Flavor backreaction

_k I 2 4 3 1 2
Fy= [B'AE*— q(S*AS* +8' A 8?)

3k
Fy = 7L2 S A,




The ABJM flavored background

Flavor backreaction

_k I 2 4 3 1 2
Fy= [B'AE*— q(S*AS* +8' A 8?)

3k
Fy = ELQ S A,

& My
16 k

_|_
N
— 2 (5L — o0)

L? = 7mV2\0o  where o s related to the quark-antiguark potential screening




The ABJM flavored background

potential screening




The ABJM flavored background

potential screening

dilaton shifts




The ABJM flavored background

potential screening

dilaton shifts

regime of validity




* Probes on the flavored ABJM background




Probe Branes

D6-branes extended in AdS, and wrapping RP® C CP?




Probe Branes

DBI+WZ action S = Sper+ Swz = Tbe (— / d'Ce”?/—det gr + / d7c(57>

o 3
embedding R(p) —= N/ dp p(p® + R%)z~1(4/1 +
0
asymptotic behavior o0 = @ (pg/bé’pR) =0

C
743—2b

R ~ m -

0)

| A—3
compare with ¢~ Por | =R ¢¢ is the source of O

A =3-b A — dimension of O




Probe Branes

anomalous dimension In our case O ~ Y

dim () = 3 — b




Probe Branes

anomalous dimension In our case O ~ Y

dim () = 3 — b

on shell action

s automatically finite

Depends on the gauge for C7!!

C7 — C7 + dAg generates boundary conterterms
C-=e %K — SUSY scheme

SUSY solution — R =constant —s= S =10




* The flavored thermal ABJM background




The ABJM flavored thermal background
replace AdS by Schwarzschild-AdS

dr?
r2h(r)

1
b2

ds® = L? (—rzh(fr)dtz +

4 o (@l d:z:%)) + L?

blackening factor ~ h(r) =

entropy




The ABJM flavored thermal background
replace AdS by Schwarzschild-AdS

dr?
r2h(r)

" = Ib (—7°2h(7“)alt2 +

blackening factor ~ h(r) =

entropy

. 1
cenergy denS|ty EADM = _/43_%0\/ |Gtt‘ \/det Gg (KT e KQ)

tO7TOO

1 A1\ 2 N
free Sl Fback — EADM — stack: — ( ) \/ENS/zf (%) T3

9v2\ 3

unflavored term ~ N3 = field theory match by Drukker et al. (1007.3837) !




The ABJM flavored thermal background

¢z (n+q)*
6 (2-¢q)7 (g+ng — n)




The ABJM flavored background

Comparison with 3-Sasakian  (U(Ny), N = 3 flavors)

Localized solution in 11d for coincident massless flavors

AdSy x M7 with M~ a hyperkahler 3-Sasakian manifold

N = 3 with U(Ny) flavor symmetry

il ¢*/?(n + q)*
16 /2 — q(q+ng —n)7/?

N
£ (ﬁ) ~ e
1

ol Ny
\/ T 2%
Gaiotto&jafferis 0903.2175
Couso-Santamaria et al. 101 1.628 |




The ABJM flavored background

Comparison with 3-Sasakian  (U(Ny), N = 3 flavors)

Localized solution in 11d for coincident massless flavors

AdSy x M7 with M~ a hyperkahler 3-Sasakian manifold

N = 3 with U(Ny) flavor symmetry

el ¢**(n+ q)*
16 /2 —q(q +ng —n)7/?

Tri—Sasakian

Smeared

Ny

€3S<&): 1+T
- 1

Ny
T ok

Gaiotto&jafferis 0903.2175
Couso-Santamaria et al. 101 1.628 |




* Probes on the flavored thermal ABJM background




Probes on the ABJM flavored thermal background

the embeddings are governed by the DBI+W/Z action

S=8pBr+Swz =Tps <—/d7C€_¢\/— det gr + /d7Cé7>

2h .
SDB[—N/d3 / dr— SmH\/ .Tb2h92

man




Probes on the ABJM flavored thermal background

the embeddings are governed by the DBI+W/Z action

S=8pBr+Swz =Tps <—/d7C€_¢\/— det gr + /d7Cé7>

2h .
SDB[—N/d3 / dr— SmH\/ .Tb2h<92

man

= 2\25772 N3/2\/% T3 C(%)




Probes on the ABJM flavored thermal background

the embeddings are governed by the DBI+W/Z action

S=8pr+Swz =Tps <—/d7C€_¢\/— det gr + /d7Cé7>

2h .
SDBI—N/d3 / dr— SmH\/ .Tthﬁz

man

2
N = 22T naz g e g(ﬁ
27

_ 1 =l a)ye”

% (aqu=nke




Probes on the ABJM flavored thermal background

T / ¢ &7 = Tpg / d7¢ (e—¢/€+5c7)

('~ must be improved to get a consistent thermodynamics

b3

L'q o 5
e K = e Pd3x A {? sin 6 cos Adh + r? sin Gdr} A Es

represent the improvement term as follows
5%,

6Cr = —-

e~ *d3z A [Ll(e)de + Lg(r)dr] AEy

doCr =0

the angular part of (7 must vanish at the horizon Jensen 1006.3066

3

L,(0) = Tbh sin 0 cos 0




Probes on the ABJM flavored thermal background

define (a zero point energy) /d?“LQ (r) = Ay

the total action is now

4 2 : .
S:N/dgx ——S drrzsin0<\/1+r h(r)92—sin9—rh(r) COSH@) + Ag

-

i b2 b

_2\/§7T 3/2 3 Ny
N VE T3 ¢ <k>

and satisfies that the canonical momentum vanishes at the horizon

oL

00 r=ry,

in order to fix Ag let us compare the free energy (density) of the probe and the background
S




Probes on the ABJM flavored thermal background

Consistency check:

a) Infinite mass limit = decoupling

lim F:N(l—AQ):O S A():l

m—o0




Probes on the ABJM flavored thermal background

Consistency check:

a) Infinite mass limit = decoupling

lim F:N(l—AQ):O S A():l

m— o0

b) zero mas limit = add to backreaction

Nf—l—l
k

N
Fback (_f) Sis Fprobe(m = O) v Fback (

k

hence




Probes on the ABJM flavored thermal background
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Probes on the ABJM flavored thermal background

Consistency check:

a) Infinite mass limit = decoupling

im F=N1—-A¢)=0 —m Ag=

m— o0

b) zero mas limit = add to backreaction

C(Nf) 1 2 —=q(n+q)*¢*? 3
k 54 s e —(=¢ —» Ag=1
¢ (&> 1 @@ 4

k 16 /2 — q(q +ng — n)7/2




Probes on the ABJM flavored thermal background

the same mechanism for the entropy yields

[ TN 2B O
otal — ac ~ P T27
Stotal Sback 1+ S 3 <3> #2)\£< ; )

hence, massless probe entropy =~ Increase in area of the horizon

Now that the action is completely fixed

4b 2 : :
S:N/d3:z: — — drrzsin0<\/1—|—r il )92—Sin6’—rh(r) cosHé’) +1

-

rf’l b2 b

we may derive the correct equations of motion and the solutions, as well as the
thermodynamics




Probes on the ABJM flavored thermal background

Isotropic coordinates

dr?
()

—

Black hole embeddings { i A

o =emtinje 6w  c
e




Probes on the ABJM flavored thermal background

21/3 1
mass and condensate Gl VIONo T m1/?

25 )
(Om) = - 22" B0
q

Numerical ¢ = ¢(m) —




D7 massive probes: condensate

<Y>IN

0.15¢

0.10 -

0.05 -




Probes on the ABJM flavored thermal background

meson melting phase transition temperature increases




Probes on the ABJM flavored thermal background

critical embedding

—»  self-similar behavior
b7,

—= ¢ and m oscillate

Mateos, Myers & Thomson hep-th/0701 | 32




Probes on the ABJM flavored thermal background

critical embedding

—»  self-similar behavior
b7,

—= ¢ and m oscillate

Mateos, Myers & Thomson hep-th/0701 | 32




Probes on the ABJM flavored thermal background

\/7
—log(1—x4)
8




Probes on the ABJM flavored thermal background

free energy density

4 oo 2 . .
F = St :j\/'/d?’x —3/ dr 2 sin 6 \/1—|—Th( )92—sin0—rh(r) cosfl | —1




entropy







speed of sound

OP S 1
2 2
S - - — 1)
Us OF Co 2 Us




Conclusions

» the flavored ABJM theory dual is a conformal field theory

» the thermal deformation Is analytic and fully under control.

 we have added massive probe flavors to the theory and examined
the thermodynamics

» the scheme dependence can be fixed by demanding a compatibility
of the UV and IR behavior of the probe brane

» The flavors introduce cuantitative shifts but no cualitative change In
the picture. For example T, rises like /N,




Further work

» add chemical potential to the probe brane and study transport
properties (conductivity etc.)

» constructing the flavored thermal ABJM theory with chemical
potential (dilaton stops being constant, and Hs enters the game)

» adding B field, could study magnetic catalysis

* smearing massive flavors in ABJM at zero T
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