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Introduction Methodology Computation Results

* Dashen’s Phenomenon * Anomaly Matching (pure YM)

CP symmetry is spontaneously broken @ 6=1 Mixed ‘t Hooft anomaly: center & CP symmetry @ 0=m

[Gaiotto, Kapustin, Komargodski, Seiberg, 2017]

* Finite Temperature: Relation between Deconfinement and CP-restoration

0 T 2m~ 0 0 T

Tgec(m) = Tcp Tgec(m) < Tcp
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* Periodic Boundary Condition on R> X S!: A Non-thermal YM

{ =0 Non-thermal =1 SYM
m = oo Thermal pure YM

Calculable Region

Weakly-coupled: L «< A™1

Softly-broken: m « A

Confined Phase

o
— -

Deconfined Phase

v




Introduction Methodology Computation [SU(2)]

§I: IR Effective D.o.E. (¢, o)

* Gauge Fixing: Unitary Gauge .
. QO =Pexp {lf Ay dx4} = gl??
A4(xi, x4 ) =7 qb(xi)r3 Polyakov loop 0 # 14

tr () = 2cos§

| %

 Abelianization

Almost confinement Massless if m = 0 1 i0
U _________________ H -- 'Sboson= {—tl‘F/\*F—WtI‘F/\F}
(trQ) ~ 0 4; _:Alfl + Aft?] + AlT3E R3xS1
| | | | U Integrate out massive modes
U A=Attt + 272 :+'/113 E o
~ 1 + 217 S = do|? dAZ——dAAd
) , 1[(q§)+21tn (1+22)n boson f {ZL o1+ 55 l Rn ¢}
Acquires a mass ~ € R3

* Duality Transformation on R3

1
—d0'+4—n_2d¢

j

g2
U(1) gauge field A - U(1) compact scalar o Sposon = j {ZL > l[dp|* + =
R3
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§II: (¢,0) As Order Parameters

* Redundancy and Further Gauge Fixing

(p,0) = (¢ + 4m, o) R R Almost confinement
’ ’ a7 X7 Further gauge fixing ¢ €10,2m] p~m
(h,0) = (p,0 + 2m) = (p,0) € W >
su(2) o~0+2m
Wau(2): (p,0) » (=, —0)
#olt3gl = —13
*  Symmetry
center center
center ($,0) —— (¢ + 21, 0) (¢,0) —> 2w — ¢, —0)
QA— - F .
CP urther gauge fixing CP
=~ (8=0: (0,0 =>(=0) > (6=0: (5,0)5(9,—0)
CP reverses the orientation cp .
0 =m (,0)= (P =0 =) 6 =m ($,0)> () —0— )

* Physical Interpretations

The (¢, o) generates the Wilson-t Hooft loop along S. We have (very roughly) the Wilson loop ~ €? and the ‘t Hooft loop ~ €%7.




Computation [SU(2)]

§ II : IR Effective Potential of (¢, o)

The Perturbative: Negligible

When m = 0, SUSY non-renormalizable theorems guarantees no contribution to the effective potential. cf. [Intriligator, Seiberg, 1996]

When m > 0, explicit computations show they are of much higher order of the coupling g*. cf. [Chen, Fukushima, Nishimura, Tanizaki, 2020]

The Nonpcrtul‘bative: MOHOPOle'instanton Counting
e, Singer, V. + V.
Crmionic Zero modes y g 1 eXp L\ O 2 > 0 eXp l Ll O + 2 + )

SUSY
When m = 0, fermion-boson vertex — boson vertex = effective potential [SUSY version of Polyakov mechanism]. [Polyakov, 1977]

When m > 0, zero modes are lifted directly leading to effective potential. ~ cf. [Poppitz, Schfer, Unsal, 2012]

V(p,0)
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2 6
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Results

§ I : Gauge Groups SU(2)

( ,)Center( ’)
,0)—— (¢, —0
ER
Range Symmetry _ 0. n P L
e 0=0: (4,05 (9, ~0)

/CP !
9277::( ;0-)_)( ;_O__T[)

v , ! 2 [a)
£=4cosh(2 )—4cos(20’)—y[(1+g— )e‘ cos<0’+—

VO 477,'2 2
- v=0 * 0<¥Y <Vgec
, V(0,0) 0
((¢',a")) = (0,0) 7 =—4 -2y cos5 0<0 <m: (0,0)is the true vacuum
—
((¢",07), = (0,m) 4 'n)=—4+2ycos€ <0 <2m: (0,7) is the true vacuum
7 2
Center-symmetric # They are the only center-symmetric points. CP-breaking @ 80 =

Y ~ temperature
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§ I: Gauge Groups SU(2)

*  2nd-order Deconfinement phase transition [Poppitz, Schifer, Unsal, 2012]

_ , .
0<O<m Vaec(0) =8 1+%<1+cos§> +0(g") g2
T : Yaec(m) =8 [1 + m‘ +0(g")

- 5 N
T<0<2m Viec(0) =8 1+%(1—cosi> + 0(g"h

*  CP-symmetry restores strictly later than Deconfinement phase transition  [Chen, Fukushima, Nishimura, Tanizaki, 2020]

1 3 g° g°

, =8 [1 + (E + ﬁarcsmh 1) m‘ +0(g*) =8 [1 + 1.43m +0(g") = Vaec® <y
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§ II : Gauge Groups Other Than SU(2)

*  Ist-order Deconfinement phase transition

¢ CP-symmetry restores at the same time as Deconfinement phase transition

[Anber, Poppitz, Teeple, 2014]

Computation

Results

[Chen, Fukushima, Nishimura, Tanizaki, 2020]

# We evaluate the gauge groups with the rank < 10 and the large N limit for SU(N).

Y ~ temperature

Ydec () = Yep

2~ 0

CP-breaking Confined Phase

CP-symmetric Deconfined Phase

@0 =m




Conclusions

§ I : About Non-thermal Softly-broken N'=1SYM @ 60 = n

*  The prophecy of ‘t Hooft anomaly matching is verified.
*  For most gauge groups, the CP-restoration and Deconfinement occur synchronously: y .. (1) =

*  For SU(2), the CP-restoration is strictly posterior to Deconfinement: ¥ .. (1) < 7,,,. A CP-breaking deconfined phase is

observed.

§ II : About Thermal Pure YM @ 0 =7

We optimistically anticipate that, for most gauge groups, the CP-restoration and Deconfinement occur synchronously:
Tgec(m) =

We are more circumspect about SU(2). Other more peculiar scenarios might occur, such as no confinement but gapless, or

the oblique confinement etc.




Thank You for Listening!



§ A : Mixed ‘t HOO& Anomaly between Centel‘ and CP @ 9 =TT [Gaiotto, Kapustin, Komargodski, Seiberg, 2017]

*  Center symmetry Z(G) is a 1-form symmetry.  [Gaiotto, Kapustin, Seiberg, Willett, 2014]

*  Couple TQFT to gauge theory. [Kapustin, Seiberg, 2014]

G Z(G) |Q|B| mod 1
SU(N) Zy 1/N
Turn on a background Z(6)M gauge field B2l € H4(§BZZ(G), U(l)). Spin(2k + 1) Zs 0
Spin(4k) |Za = o 1/2
U Spin(4k + 2)| Z4 1/4
Couple B2! 10 G h 4 (2 _ 4 Spl2k) k) 0
ouple to G gauge theory. # H (23 Z(G), U(l)) =H (EBG/Z(G), U(l)).
Sp(2k + 1) Za 1,2
U Eg i 2/3
The instanton number Q = LZ [tr F AF is fractionalized to Q[B]. Eq Lo 1/2

cp [Aharony, Seiberg, Tachikawa, 2013; Witten, 2002]
* 60— —0, the CP symmetry @ 0= requires the 27-periodicity of 0.

# G is supposed to be Connected, Compact, Simply-connected.



Appendix B

§ B : Generic Gauge Group G with Simple g

. i oay_ Lo -
* Gauge Fixin Ag(xh,x™ ) =—=p(x')-h h = h=12"7 s an orthonormal basis of a chosen Cartan subalgebra of g.
8 3 L 8
* Order Parameters #7 is the rank of G.
R” R" center CP
ZT[AV X ZﬂAW ( ) O-) E— ( + 27'[”\6{, 0-) 9 = 0: ( ) O') — ( ) —O') CCIltCI' c Sym{Mi=0’1’...’r}
(¢,0) € TW Voo AV AV CP cp
g pe € Ay /Ay = Z2(G) 0 =m: (,0)>(Pp,—0 — P) M; — M}
» Effective Potential
\% 87T2 Zai
p A M; = expya; -z + g2 fori =1,2,-,r al = AR € AY, a; € A, are the simple roots.
. 2 i
Z=1 (O' + — > - g8 2 1 —
2m 9 My = exp {a\é -Z+ ’( > ) + iH} ay = ay is the affine root (the lowest root).
€29

#|a0|2 — .

# ¢, is the value of quadratic Casimir in the adjoint rep.

# G is supposed to be Connected, Compact, Simply-connected.



