Partial deconfinement
in gauge theories

Hiromasa Watanabe (Univ. of Tsukuba)

Collaborator: M. Hanada (Univ. of Southampton), G. Ishiki (Univ. of Tsukuba)

arXiv: 1911.11465 (proceedings)
JHEP 03 (2019) 145 (arXiv:1812.05494)

Hanada & Maltz (2016)
Hanada, Jevicki, Peng & Wintergerst, (2019)
Hanada & Robinson, (2019)

2019/12/10 Seminar@QOsaka University




Introduction: large-Nc gauge theory
QCD : SU(3) gauge theory, 3 colors
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SU(Nc) gauge theory, Nc colors

11 IN
Aﬂ Aﬂ il

N1 NN N1
A o A Y




Large N limit

"t Hooft large N limit; ['tHooft, (1974)]
N-o> oo, A= g%MN : fixed

— Saddle point approximation becomes exact
(up to 1/N corrections)

 This often gives good approximation to finite N, even N=3

» Energy and entropy can be estimated by counting color d.o.{.

» Another motivation; equivalence to string theory

Summing up “ Genus expansion of
vacuum diagrams string worldsheet




Deconfinement transition
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From [Fukushima & Hatsuda, (2012)]

“deconfinement criterion” in large-N theory

Confined phase; Deconfined phase;

I N E ~ N

a=1 fundamental matter
a =2 adjoint matter

Phase transition takes place
even finite volume.




“Partial” deconfinement?

 Confined phase; F ~ NV

* Deconfined phase; E ~ N?

(thermal excitation of color d.o.f.)

What happens
if energy is not so large or small?

ex.) E ~ N?/100




“Partial” deconfinement?

 Confined phase; F ~ NV

* Deconfined phase; E ~ N?

(thermal excitation of color d.o.f.)

What happens
if energy is not so large or small?

N/10
4P
gk ol il
only SU(N/10) sector deconfines.
E~M?=¢eN> with M ~+/eN=N/10
A————p

mm)p "Partially deconfined” phase N




Phase structures

(Precise arguement is given later)




Phase structures

(Precise arguement is given later)

There are TWO transitions.
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One of transitions is Gross-Witten-Wadia(GWW) transition
[Gross & Witten, (1980)/ Wadia, (1980)]
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Relation to Gross-Witten-Wadia transition

In SU(N) theory, M cannot grow beyond here

/

M

N
N’

/

/
In SU(N’) theory, M cannot grow beyond here

T

1/N and 1/N’ corrections are both negligible.
At M < N’ , SU(N) and SU(N’) theories behave in same manner.

In partially deconfined phase,

E = EgwwM), S = Sgww(M)




Point of view from Polyakov loop

Polyakov loop : an order parameter of confine/deconfine transition

1 : :
P=—TrPexp| — ﬂg A, 10 = Jd@ p(@)e'?
N temporal i

1
Pl — o Z o(0 — 6) : phase distribution
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Phase distribution of Polyakov line phases

Polyakov loop : an order parameter of confine/deconfine transition
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“partially” deconfined

confined
Deconfinement transition s
= GWW transition
(Hagedorn transition)

N—-M 1 M
: = N:OGWW,M(Q)

M
pconf(e) + WPGWW,M(Q) = N i |

Partial deconfinement is “the mixture.”
M 0; s are in deconfined phase and N-M 6; s are in confined phase




(For string theorists)

Connection to String Theory

Berkowitz, Hanada & Maltz, (2016)
Hanada & Maltz, (2016)
Berenstein, (2018)




Black hole in AdSsxS5 <=> 4d N=4 SU(N) SYM

‘Strongly coupled 4d SYM / dual string theory‘ ( E: fix )

String gas
E~N°

O O
®

T

. E

Hagedorn string
bl

string

B

* Small BH
E~ N°T’

Large BH (AdS BH)
E ~ N°T*




Black hole in AdSsxS5 <=> 4d N=4 SU(N) SYM

‘Strongly coupled 4d SYM / dual string theory‘

h ide;
Large BH (AdS BH) Gauge theory side

E
N I N2T4

Deconfined phase

phase transition

~ g N

Confined phase

@ o
[Witten, (1998)]
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D-branes with open strings & BH

Dp-brane : the objects that open strings can put their endpoints.

X Spar=—Tp, TrJdp+la\/ —det (G, + 272F 4 + )

)

S =Ljdp+1xTr{lF2 +l(DX )2+1[X X; ]2+---}
:xM ff g%M 4 Uv 7 u>M 4 M> M

L—1—1 1

M=p+1,-,9)
= — A .X'u :O, 1, st
(p=3 for# =4SYM) Pikd ) S (u p)
X, 0 W=pt] =0

Classical vacua (:minima of potential)

e ; i :
XM — diag (XZ\14’ X]\z/l, “ee, XJ\ZZ) (XM)ii = Agpo = Position of i th Dp-brane
(XM)ij 's fluctuation

: Open strings between i th and j th Dp-brane
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D-branes with open strings & BH

{ Classical vacua (:minima of potential 1 | High energy region,

&t N {1
Xy, = diag (xM, Xy, ---,xM) | &
| fBH W&
' (X)) = x]lh : Position of i th Dp-brane "
(XM),'J' 's fluctuation

{1 The bound state of Configuration of 4
- Open strings between ith andjth Dp-brane § § D-pranes & open strings scalar fields X |

When E is not so large/small, [Hanada & Maltz, (2016)/Berkowitz, Hanada & Maltz, (2016)]
M = N/10

gauge theory counterpart
of small black hole




Negative specific heat can appear

Roughly, temperature ~ energy per d.o.{.

T ~ E/N?
T ~ E'/N?

Neddixed: s T f B B

It's possible that T decreases when E increases.
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(For all)
Explicit demonstrations

of partial deconfinement

Hanada, Ishiki & HW, (2018)
Hanada, Jevicki, Peng & Wintergerst, (2019)
Hanada & Robinson, (2019)




Weakly-coupled 4D Yang-Mills theories

* 4d SU(N) Yang-Mills theory with adjoint matters on S3;
[Sundborg, (2000)/Aharony, Marsano, Minwalla, Papadodimas & Raamsdonk, (2003)]

At zero 't Hooft coupling;

o |
o J[dU]exp{ Y — (zax™ + (—1)m+1zF(xm))tr(Um)tr((UT)m)}
=1
XSalh o) = ZXEi :Single particle partition function

l

P.E

5ol , tr(U" - e
2) ") ;

Z(x) = J[dei] exp( = Z V{0, — ‘9J)>
i

V() =1n(2) + ) %(1 — z5(x") — (= 1)"*'z5(x") ) cos(n0)

i

T1=T> T

: . At @ : GWW transition
At small nonzero ‘t Hooft coupling; ®

Z(B) = [[dU] exp [—( | te(U) |* (m? = 1) +b|tr(U)|4/N2>]

[Aharony, Marsano, Minwalla, Papadodimas & Raamsdonk, (2005)] phase structure changes.
20

Depending on sign of b,




Weakly-coupled 4D Yang-Mills theories

* 4d SU(N) Yang-Mills theory with adjoint matters on S3;
[Sundborg, (2000)/Aharony, Marsano, Minwalla, Papadodimas & Raamsdonk, (2003)]

- L)

2iﬂ(l+Acos€) (T=T1=T2)

%cos %\/i = sinzg <T =T =1, |0] < 2arcsin\/A‘1>

At T Tl — T2, P.E

1
p(@)=— (1 +AcosB)
27

1 1
=(1-A)-—+A-—(1 4+ cosb)
T 2’7

= (1 = A)poont + A - poww(®)

Ti=T2

*Peonf T WPGWW,M(Q) ;'*: N At @ : GWW transition




Phase structures revisited

To

1
} 'y 'y
. / | / /

Strongly coupled Weakly coupled real-world
4d SYM 4d SYM QCD?




Weakly-coupled 4D Yang-Mills theories

* 4d SU(N.) Yang-Mills theory with Nrfundamental matters on S3;
[Schnitzer, (2004) / Hollowood & Myers, (2012)]

N} =0 [Hanada, Jevicki, Peng & Wintergerst, (2019) / Hanada & Robinson, (2019)]

A= N Z a (T)u? a(T) = . (1 > i I(1 + 2)e-nﬂ“?)>, ", = % tr(U")

n
=1 G

n

Searching the minimum of effective action;

* At low temperature, a>0. e —0

* Phase transition happens at

1
2

b=/ =

= Egww(M,), §=pPE-F) = SgwwM,)
=T

c




Weakly-coupled 4D Yang-Mills theories

* 4d SU(N.) Yang-Mills theory with Nrfundamental matters on S3;
[Schnitzer, (2004) / Hollowood & Myers, (2012)]

N} > 0 [Hanada, Jevicki, Peng & Wintergerst, (2019) / Hanada & Robinson, (2019)]

Mc  Nc—Mc

pE="y (Ngan(T)u,% - ch\gbn(T)un)

b,(T) = ik '4i I(l+ l)e_n%\/<l+%> + m2R?

% =1

At T = Tc == TGWW(MC’ 1\9)'




3d free O(N) vector model  (Ni=1 for simplicity)
Holographic dual to Vasiliev higher spin gravity
b? + b’(|8]| — x)?
21 [Shenker & Yin, (2011)]

v

T
b= — = b
b*  baww(16] = n) e e

911

= p(0:; boww) = Poww,u(0)

b2
4 L=y bGWW V M deconfined

= )
waw

confined

At 1 < T < Toww

Ex 60T oMY S0l F M-
[Hanada, Jevicki, Peng & Wintergerst, (2019)]
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Numerical check of partial deconfinement

* The bosonic part of plane wave matrix model (PWMM or BMN matrix model)

= the mass deform. of (0+1)d SYM / Matrix quantum mechanics.

9 2
o [XI’ XJ] el

Check by Monte Carlo simulation;
» Hysteresis (I, <T))
* Phase distribution

P

T

i=1

Iu2 9
T
a=4

ijk=1

3
i ) peX XX,

\

)
GWW ansatz

2iﬂ(l + A cosf)

035 — ‘ ‘
03
0.25
0.2
/
0.15 |- v
/
01 f
0.05 |-
V
0 L . L L
-3 -2 -1

* The bosonic part of BFSS matrix model ( p = 0 ) had been studied recently
by [Bergner, Bodendorfer, Hanada, Rinaldi, Schafer & Vranas, (2019)]




gauged Gaussian matrix model

[Hanada, Jevicki, Peng & Wintergerst, (2019)]
[Bergner, Bodendorfer, Hanada, Rinaldi & HW, (in progress)]

o [ 1 o
o= J dt Tr | —(D X)) +—X>
X [ are (500 5%

DX, =0,X,—1|A,X]

Physical quantities are solvable exactly;
2

E(T—T)—DN + N?P?2, S(T=T)=N?*P’InD
Sy , =T)=

AtT=T.=1/InD,

M M? M?

S/N2 E/N2

/ D/2+1/4

Poww.n(0) = Py (1 +cos6) up to 1/N corrections.
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Partial deconfinement and gauge fixing

[Hanada, Jevicki, Peng & Wintergerst, (2019)]
[Bergner, Bodendorfer, Hanada, Rinaldi & HW, (in progress)]

e

| A . oL 1 1
L =NTr §Z<DfX1) +ZZ [X,,XJ] S=N§J dr Tr <E(DtX1)2+§X12>

= TE = 0

e Determine M as M = |2NP| config. by confing.

N
* Plot and fit ;[dt Tr X7 as ryN* + r;M?* ,etc. to use as input parameter

T
47532 ——

+oF+
S 4
+
+
++ %
+ E 4
+
+ =
+ + + :: ‘ ’
+ELT : i
+3
+ + ++
! - TF L+
; +
.t + M
++ o+
£t fisgs *
¥ 2
+ +f++ j+ o +
+ +  + X F
+7 4 ::; I 3
. i1 E *
+ P 7% +
Trpraty 1
F4+ + T
+ % I
+ T2 +
I + 7
++ ++
15 20 25 30 35 40 45 50
M ( =ceil(2N|P]))

Result of gauged Gaussian MM
with N=48, D=2, L=8 @ T=Tc N




Partial deconfinement and gauge fixing

[Hanada, Jevicki, Peng & Wintergerst, (2019)]
[Bergner, Bodendorfer, Hanada, Rinaldi & HW, (in progress)]

e

| A . oL 1 1
L =NTr §Z<DfX1) +ZZ [X,,XJ] S=N§J dr Tr <E(DtX1)2+§X12>

= TE = 0

e Determine M as M = |2NP| config. by confing.

N
* Plot and fit ;[dt Tr X7 as ryN* + r;M?* ,etc. to use as input parameter

T
47532 ——

A

+1
+
Fo

+ e
+ 3 E

j+

+ : E
+ L 3
+ I TE
+ I
+ A/f’

E4+ + 1
SALIE:
+F 7
Lt
+ 7+

20 25 30
M ( =ceil(2N]|P]))

Result of gauged Gaussian MM
with N=48, D=2, L=8 @ T=Tc




Other applications

* Applying the same techniques to Wilson loop of spacial direction
* cf. black hole/black string topology change <=> 2D SYM
* Prospects to Real-world QCD
* Neither center symmetry nor chiral symmetry is exact
* How much contributes finite Nc correction?
« Consequences of partial deconfinement?
* Hadron/QGP phase transition is “crossover”.

» SU(4) enhanced symmetry reported by Glozman et al.




Summary & Discussion

* We proposed the partial deconfinement in which only SU(M) sector of
SU(N) theory deconfines.

* It's relating to small BH in dual gravity via holography

» Several examples of partial deconfinement are found in large-Nc gauge
theories.

* Needs to more analysis to strong-coupling theories.

* Is this applicable to real QCD?
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Yang-Mills and water

YR

[Hanada, Ishiki & HW, (2018)/Hanada & Robinson, (2019)]




Weakly-coupled 4D Yang-Mills theories

* 4d SU(N) Yang-Mills theory with adjoint matters on S3;
[Sundborg, (2000)/Aharony, Marsano, Minwalla, Papadodimas & Raamsdonk, (2003)]

At zero 't Hooft coupling;

Z6 ) — [[d@i] exp( — Z V(O, — 9].)) V(@) = In(2) + Z %(1 — z5(x") — (= 1)"*'z5(x") ) cos(nB)
I#] n=1

x=e”
At low temperature; P,E

N2
Sea @) =N [0, | €0,00)00)V00, - 09 = 5 3 19, FV,(T)
=1

= md@p(@)cos(n@)

; 2r
dOV(@)cos(nf) = — (1 — zg(x") — (= 1) zp(x")) :
: & Ti=T2 T

At@ ; GWW transition

I'< Tw=—1/Inx, 5"+ (—1)"+1ZF(x”) <l > p=—10

; Hagedorn growth
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gauged Gaussian matrix model

[Hanada, Jevicki, Peng & Wintergerst, (2019)]
[Bergner, Bodendorfer, Hanada, Rinaldi & HW, (in progress)]

1 2 1 2

p

0

s:NgJ

DX, =0,X,—1|A,X]
Physical quantities are solvable exactly;
BF = — In Z(p)
D N?
In (det(—Dj + 1)) — 71n (det( Dy))

. Faddeev- Popov term
N-D — 1 — Dx"
¥ p + N2 Z e, |2 (static diagonal gauge)
n
= |

e

1

AtT=T. 0<lul <= || =0@22)

1-Dx,=1-De =0,




Relation to gauge symmetry breaking
[Hanada, Jevicki, Peng & Wintergerst, (2019)]

In Hamiltonian formalism of gaugeed Gaussian matrix model, (D =2 for simplicity)

~ ] 5 ~ . -
H=—Tr(P;+X*+P;+ Y2>
3 :

(From Hanada-san’s talk)

not SU(N)-invariant

E;SU(M)) = Tr (A'TA'TB'TA'T - ) 0)
At weak coupling, this is an energy eigenstate.

t S = Saww (M)

one-to-one correspondence

SU(N)-invariant v

This is also an energy eigenstate.
By = N2 / dU U (|E;SU(M)))




' B2
Ant trail : ants bound by pheromone BH : D-branes bound by open strings

p : pheromone from each ant T: index for excitation of open string

ANV, SNirail saddle point
—fad toN. NN ) — 5
dt e o N dN,

rail

—{)
dr

: Inflow effect
! [Beekman, Sumpter & Ratnieks, (2001)]

1

Outflow effect
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Strongly coupled
4d SYM

Weakly coupled
4d SYM




Modified ant model (Ant-Man model)

dx . SX 5
E=(05+px)(1—x)—~ e

Sk

saddle point

1 wann
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0.6 [
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0.2
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Black hole thermodynamics in AdS space

S = = — — 0 = S
BH 4 lgl 4G ° dM 4 dABH ° TBH 472: f(l")dt - f(]/‘) e

AdS-Schwarzschild BH with horizon at (r =r,) fsa<|

dre
o= = f(r,Rej)dii & + r’dQ3 + R3 dQ3 J(r, Rags) =

(7, Rags) xds”” :

Small BH Large BH




