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talk is, ultimately, about nonperturbative effects in YM on compactified |
... T% orits various limits: R X T°, R* x T?, R> x S!

one may ask =-even in a “Physical Math” seminar- why, as not the real world?!

= don’t know that real world does not have a very large T3, so long as > Hubble

3

= stat mech: spontaneous symmetry breaking - TD limit, start w/ finite V, e.g. |

- lattice is usually T*

= generalized anomalies involving, e.g. 1-form center symmetry, revealed on
space with two-cycles, e.g. T4 1
y provided compact space << A~

- various YM theories: semiclassically calculable on T*, T° X R, T? X R?, S! x R’

reveal unusual fractionally charged objects which disorder Wilson loops
interesting insight (at a price - not enough to get Clay Prize)... but best there is, so far



r
1. Motivation for Q) = —, Vr € N, instantons in SU(N)

N

brief review of their physics role

2. QFT: constant-/* solutions and “missing moduli”

3. D-branes and the “missing moduli”

4. Summary and wishlist



r
1. Motivation for Q) = —, Vr € N, instantons in SU(N)

N

brief review of physics role: confinement and chiral symmetry breaking

't Hooft ~’80: modern;

twisted b.c. topological Z](\%)—form gauge field background,

for Zj(\})-form (“center”) symmetry



a quick review of poor man's twisted bundle [ﬂg B® =", (mod zﬂ)]
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a quick review of poor man's twisted bundle [ﬂg B® =", (mod 27;)]
T2,
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't Hooft ‘81; van Baal ‘82




a quick review of poor man's twisted bundle [ﬂg B® =", (mod 27;)]
T2,

N #
Qz(x1)
_ . —1 2
| T A=A —id)ld — Q(L,)Q,(0) = e Fm Q (L), (0)
4
Ap = Q (A, — id)Q7! YT
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Q(L)Q,0) = eV Q (L)Q,0)
2(x,)
Xy A
' 0 B Ly Q=812JtrF/\F=—Pf(n) (mod 1)
>7(\ JT k4 N

't Hooft ‘81; van Baal ‘82

. B (4 LY
if only 1175, 134, # 0 (mod N): Q = — v (mod 1)

't Hooft also found the only analytic, constant-F, solutions 81 - return to later ...




a quick review of poor man’s twisted bundle

if only 11y,, 13, # 0 (mod N): Q = —

Q,(L)Q,(0) = e ¥ Q(L,)Q,(0)

0 =

S ULY
N

Pf(n)
tr FAF = — (mod 1)
72 N
—|]'4
't Hooft ‘81; van Baal ‘82
(mod 1)




first some applications:

- burried invan Baa’s 1984 (!) PhD thesis, unpublished chapter lll:
e multi-branched structure of YM 6-vacuum on small spatial T

e in effect, discovered G-periodicity/center-symmetry anomaly (Z(ZO)-ZN(I))

- see Cox, Wandler, EP ‘2706

- Madrid group 1980°s-1993-... Gonzalez-Arroyo, Garcia Perez...- R X T3 — | 4

1st example of “adiabatic continuity”

small-volume -> large-volume - Gonzélez-Arroyo, Garcia Perez,... '93-... R X T°

. — R'xS 2 T2
- Unsal, Yaffe, Shifman,...’07-... - RexT

- Unsal, Tanizaki,...’20-... also Gonzélez-Arroyo, Montero... *98-‘00




small-volume -> large-volume continuity:

- Gonzélez-Arroyo, Garcia Perez,... '93-... [R X _[r3

__ — R’xS! o
- Unsal, Yaffe, Shifman,...’07-... - R*Xx T

- Unsal, Tanizaki,...’20-... also Gonzélez-Arroyo, Montero... *98-00

e when ANL < 1: weak-coupling SU(N) — Z, or U(1), semiclassics

dilute gas of fractional instantons, Q=1/N, disorders Wilson loop

(Z](\})-restoration, confinement)



small-volume -> large-volume continuity: . fractional instantons

- Gonzélez-Arroyo, Garcia Perez,... '93-... [R X _[r3

/ monopole-instantons
3 % Sl

center vortices
2x T? —

— |

- Unsal, Yaffe, Shifman,...’07-...

- l
- Unsal, Tanizaki,...’20-... also Gonzélez-Arroyo, Montero... *98-00

e when ANL < 1: weak-coupling SU(N) — Z, or U(1), semiclassics

dilute gas of fractional instantons, Q=1/N, disorders Wilson loop

(Z](\})-restoration, confinement)



small-volume -> large-volume continuity: . fractional instantons

- @Gonzalez-Arroyo, Garcia Perez,... '93-... IR X _[r3

/ monopole-instantons
3 % Sl

center vortices
2x T? —

— |

- Unsal, Yaffe, Shifman,...’07-...

- l
- Unsal, Tanizaki,...’20-... also Gonzélez-Arroyo, Montero... *98-00

e when ANLy < 1: weak-coupling SU(N) — Z,; or U(1), semiclassics

dilute gas of fractional instantons, Q=1/N, disorders Wilson loop

(Z](\})—restoration, confinement)

e for ANL — oo: strong-coupling R*-limit, numerically show continuity



small-volume -> lari ge-vo/ume Continuity: > fractional instantons —m— J|| related!

- @Gonzalez-Arroyo, Garcia Perez,... '93-... IR X T - 1998-2024-

/ monopole-instantons
3 % Sl

center vortices
2x T? —

— |

- Unsal, Yaffe, Shifman,...’07-...

- l
- Unsal, Tanizaki,...’20-... also Gonzélez-Arroyo, Montero... *98-00

e when ANLy < 1: weak-coupling SU(N) — Z,; or U(1), semiclassics

dilute gas of fractional instantons, Q=1/N, disorders Wilson loop

(Z](\})—restoration, confinement)

e all related to fractional instantons on T by changing shape/twists...

- Gonzalez-Arroyo, Garcia Perez '98; Unsal et al; Tanizaki et al '24; Wandler ’24;.... some analytic some numeric



e when ANLy < 1: weak-coupling SU(N) = Z, or U(1), semiclassics

there are remarkably few [exactly two: a.), b.) below] analytic solutions available;
semiclassics uses solutions found by minimizing lattice actions (give idea of size, etc.)

- all semiclassics (string tensions etc.) only up to @(1) numbers (“semiclassical yet not analytically calculable”)



SU(3) Lattice: (32, 8, 8, 22), Qu,,=0.6544988358157912

x1/L1=1/32

X4

10

7.5
Yo 5 5 55 5.0

%2

SU(3) charge 2/3 on a (very!) detuned torus - courtesy of A. Cox 2025



e when ANLy < 1: weak-coupling SU(N) = Z, or U(1), semiclassics

there are remarkably few [exactly two: a.), b.) below] analytic solutions available;
semiclassics uses solutions found by minimizing lattice actions (give idea of size, etc.)

- all semiclassics (string tensions etc.) only up to @(1) numbers (“semiclassical yet not analytically calculable”)

- except two:

)

1. superpotential in SYM on | > % S! due to BPS monopole—instantonsa

Hollowood, Khoze et al, 2000 (noncancelling determinants (!) corrected only in 2014 Anber, Teeple, EP)

2. order-r gaugino condensate in SYM on T* = R*result via ADHM  Dorey et al 2001

b.)

used some of 't Hooft’s T* solutions + our understanding of their moduli Anber, EP 2022-2024




summary of

r
1. Motivation for Q = N’ Vr € N, instantons in SU(N)

brief review of their physics role

R4 % Tk, for ANL < 1: weak-coupling, semiclassics

fractional instantons argued to disorder Wilson loops (Z](V” restoration, confinement)

& responsible for chiral symmetry breaking
- e.9. SYM + many nonSUSY examples, including QCD-like

demonstrating continuity of the R** % T* - R* limit: via lattice simulations or SUSY nonrenormalization

| think that, to a theorist, the semiclassical regime gives enough motivation to

desire a better understanding of fractional instantons: their structure, moduli...
end of motivation.




2. QFT: constant-/* solutions and “missing moduli”

. B (4 LY
if only 1175, 134, # 0 (mod N): Q = — v (mod 1)

Pf(n)

't Hooft ‘81; van |

Q,(L)Q,(0) = e ¥ Q(L,)Q,(0)

(mod 1)

Baal ‘82

't Hooft also found the only analytic, constant-F, solutions ’81



SU(N) solutions we study dependon k. r € N: where N =k+ . € N

r

Niy,=—7", Nyy =1 Qsu(N) = N T € N. 1 is arbitary, Q) can be also an integer, including 1
2mlr 27
Fio = ( VhLLT; 273 ) , F34 = ( VLT 27r2 )
0 NLiLo Iy 0 N{CL3Ly Lg

Q,(L)Q,(0) = e ¥ Q(L,)Q,(0)

Q = : J tr FAF = — Pin) (mod 1)
812

N
't Hooft ‘81; van Baal ‘82

—|]'4

. B (4 LY
if only 1175, 134, # 0 (mod N): Q = — v (mod 1)

't Hooft also found the only analytic, constant-F, solutions 81 4



SU(N) solutions we study dependon k. r € N: where N =k+ . € N

.
Niy,=—7", Nyy =1 Qsu(N) = N T € N 1 is arbitary, ) can be also an integer, including 1
27 lr 27T
Fro = ( NkL,Ls Lk , 0 )  Fyy = ( NTsLqlh , 2 )
0 NLiLo Iy 0 N{CL3Ly Lg

_ L1L2 Or

['j) =1I3 = T T =%
344

assume tuned shape of T* so BPS condition holds



SU(N) solutions we study dependon k. r € N: where N =k+ . € N

.
Ny,=—7", Ny =1 Qsu(N) = N "€ N. 1 is arbitary, O can be also an integer, including 1

21 lr 27T
o — NkL:La Lk 0 Fly — NL3L4]/~C 0
12 0 27T T ) 34 0 21k T
NLiL,"*t NCL3Lys "

X1 L3
Ay = — Ay = — Al =A3=0,
7 w(NkL1L2> I w(N£L3L4> A =4s=0,

w = 2ndiag |0, 4, ....0, —k,—k,...,—k
N\ s ~ 4
| ktimes ¢times

A(x+e,L) = Q (x0)(AX) — id)Q; ' (x)




SU(N) solutions we study dependon k. r € N: where N =k+ . € N

T n . .
Ny =—171, Ny = | QSU(N) = N r e N, I is arbitary, O can be also an integer, including 1

deceptively simple!

NﬂETL I}, 0 N[%WL I}, 0 fleld strength abelian
Fio = L2 F3y = 354 D
1 ’ y,

0 27T 0 21k transition functions NOT
NLiL,"*t NCL3Ly

Some Twisted Self-Dual Solutions
for the Yang-Mills Equations on a Hypertorus*

1 L3
A — — A:— A:A :O erard 't Hooft**
2=~ (NkL1L2> A4 =W (N€L3L4) A1 = A3 = Gerard t Hooft

California Institute of Technology, Pasadena, CA 91125, USA

such an action. All our solutions will be represented in a suitably'chosen gauge
that makes them look essentially translationally invariant and Abelian. How-

ever, considering the difficulty we had in finding them it looked worth-while to
publish the result.

It 1s important that we have solutions with total action decreasing as
1/g*N for N — oo, so that they will certainly survive in the usual N — co limit

4]. The mplications of that for the N— oo theory are however not clear to the
author.



SU(N) solutions we study dependon k. r € N: where N =k+ . € N

.
Ny,=—7", Ny =1 Qsu(N) = N "€ N. 1 is arbitary, O can be also an integer, including 1

deceptively simple!
N%EML I, 0 NEWL I, 0 field strength abelian
Fio = 1 Lo ' Fay = 3L4

0 27 0 21tk 1 transition functions NOT
NLiL,"*t NCL3Ly
(010 ..
001 .. o
Pr=n~1 ... ., Q= diag [1,6%,62%,...}
I X3 . 01
Agz—w A4:—w A1:A = 0.
NkL{Ly )’ NCLsL, )’ ST 100
j 2T
i _ _ _ PyQe=e ¢ Qb
P e " NEL2 0 Q. 0
Ql — L 9 QQ — I y
I O e N Lo ‘[E ] I O ! _
T 2T =4 } ) ) .
e NIy Ik () Ik 0 w = 2ndiag 0,0, ....0, —k, =k, ..., —k
QS — —i2mk —4 7 Q4 — ' ktimes ) etiﬁes ’
I O e NLLy Pf ] I O Qf _ =

A(x+e,L) = Q (x0)(AX) — id)Q; ' (x)




SU(N) solutions we study dependon k. r € N: where N =k+ . € N

-
Niy,=—7", Nyy =1 Qsu(N) = N T € N. 1 is arbitary, Q) can be also an integer, including 1
deceptively simple!
27 lr T 0 27T T 0 _ _
_ NkL1Ly "k _ NLsLs"k field strength abelian
b = b3q = " -
0 2 o 0 21tk 1 transition functions NOT
NLiLy"¢ NOL3L4 "¢
moduli?
Ay = —w | —2 ) A= —w(—2 A =A3=0 - constant connections
NklL1Lo N{lL3Ly '
‘ . 4 must commute with £2,
T 127lr 72— i ] 1
0 Pk o 2 NkLo | 0 . Qy — Qi 0
_ 0 e_ZQWTNLQIE_ 7 _ 0 ]g_ ’
T 42T " " -
e “"NLy ] 0 I. 0 w = 2ndiag |, 0, ..., 0, —k, —k, ..., =k
QS — ' — 27k 2 ’ Q4 — : ' g ktimes ) rtimes ]
_ 0 o Nty P, _ 0 Qg_ X

A(x+e,L) = Q (x0)(AX) — id)Q; ' (x)




SU(N) solutions we study dependon k.7 € N: where N =k+ . € N

.
Ny,=—7", Ny =1 Qsu(N) = N "€ N. 1 is arbitary, O can be also an integer, including 1
\ , deceptively simple!
Fio = N kgfL? Iy U F54 = N L§L4 L 0 field strength abelian
0 omr 7, | ok [

0 transition functions NOT
NLqLo N{CL3Ly
moduli?
X1 L3 .
Ay — — Ay = — A = A =0 - constant connections
2 w(NkLle) , Ay w(N€L3L4> : 1 3 =20,

must commute with Qﬂ

- d4gcd(k, r) such moduli

Anber, EP 2307

explicitly, V u : ¢ = diag(al,az, ...dba.a, ... ,a)

Y Ty

k 4

where acza[c_’"]k, al+a’+...+ad"+fa=0
lc —r], =c—r (mod k), [k], =k



SU(N) solutions we study dependon k. r € N: where N =k+ . € N

.
Niy,=—7", Nyy =1 Qsu(N) = N T € N. 1 is arbitary, Q) can be also an integer, including 1

deceptively simple!
N%EWL I}, 0 NEWL I}, 0 fleld strength abel
F — 1 L9 Foy — 314 gin abellan
12 0 27T IE ) 34 27k IE

0 transition functions NOT
NLiLo NEL3 L4
moduli?
ra T3 :
A, — — A, — — A — Ax =0 - constant connections
2 w(NkL1L2> , Ay W(N€L3L4> : 1 3 =20,

must commute with Qﬂ

- d4gcd(k, r) such modull
“missing moduli”; Anber, EP 2307

unless gcd(k, r) = r, not enough to satisfy index theorem
Schwarz; E. Weinberg; Taubes '77-‘82 dim(moduli) — 4N Q — 47’

gcd(k, r) = ris only possible for ¥ < N, hence, e.g. all O > 1 have this issue



for gcd(k, r) = r: flat connections are all the moduli; described moduli space globally
Anber, EP 2307, 2408

used integral over this moduli space to calculate r-point (r < /NV) gaugino condensate,
agrees with Dorey et al ADHM calculation on | 4




for gcd(k, r) = r: flat connections are all the moduli; described moduli space globally
Anber, EP 2307, 2408

used integral over this moduli space to calculate r-point (r < /NV) gaugino condensate,
agrees with Dorey et al ADHM calculation on | 4

... Showing this for visualization/advertisement ...
picture from 2307.04795,

Mohamed Anber (Durham) & EP
this is a Q=3/N example, F'|, shown in one 2-plane (double size shown)

obviously not constant solution, but an approximate one, related to it
analytically via the “A-expansion” (Gonzalez-Arroyo et al, 2000)

/L L, L:L,

A =

F|» = sum of 3 overlapping,
T / instzanton-liquid-like lumps
A=0) — 2222 _ " each has 4 positions on T%,

LsLy k so 4r = 12 moduli




for gcd(k, r) = r: flat connections are all the moduli; described moduli space globally
Anber, EP 2307, 2408

used integral over this moduli space to calculate r-point (r < /NV) gaugino condensate,
agrees with Dorey et al ADHM calculation on | 4

for gcd(k, r) # r: which is the case for all O > 1 and some % <0<l

need to account for 4r — 4gcd(k, r) “missing” moduli

in Anber, Cox, EP 2504 We understood how these 4r — 4gcd(k, r) moduli appear,

using a QF T analysis of the self-dual small perturbations
(very technical story...)

main moral:
when the “missing” moduli are turned on, solutions become non-constant, i.e. constant-F are measure zero!

- our results from 2504 much easier to obtain via D-branes, hence | now describe this

- my hope, as | discuss at the end, is that via D-branes, one can go further...
end of: 2, QFT: constant-I* solutions and “missing moduli”




3. D-branes and the “missing moduli”

- our results from 2504 much easier to obtain via D-branes, hence | now describe this

...D-branes in type Il are the natural place for self-dual configurations: ADHM via branes

Witten,; Douglas ‘90s
steps:

1. embed the constant-F SU(N) solutions (N, k, ) into U(N) bundle on T* ... QFT

2. constant-# U(N) flux -> worldvolume of N Dp 4 Wrapped on T* (8 supercharges)

T-duality In two (choice of transition functions) T* directions removes flux, turns into stacks of

Dp +» wrapped on intersecting 2-cycles on the dual TT4, preserving 8 supercharges

3. moduli space locally = Higgs branch supersymmetric vacua
of p + 1-dim 8 supercharge worldvolume theory

-> exactly our results from 2504, essentially with no calculation (except of intricate brane wrappings)

- my hope, as | discuss at the end, is that via D-branes, one can go further... here | need help!



1. embed the constant-F SU(N) solutions (N, k, r) into U(N) bundle on T* ... QFT

UN) SUN) U(l)
| l l Qe SUWN): Q,(x+¢é,L,),(x)
.A,u = A,u + 1y Q.

2Tt
e N O, (x+ enL,), (),
2Ty

w e UQ): wylx+é,L)w,(r) =e "~ w(x+eé,L,)w,(z)

add (minimal) fractional U(1) fluxes f = da
in 12 and 34 planes: ny, = — r,ny, = 1

/chg(]:):8—2 tr]-"/\]-":8 /trF/\F /f/\f

r

QSU(N) — N? rC NT



UN) SUWN) U(l)

| | Q € SUN) : Qu(a +e,L,)0(2) = e~ N Q@ + 6,L,)Q ().
Alu — A,UJ —|_ ]_N CLM 2Ty

weU): wyilx+é,Lyw(r) =" wylr+é,L,)w,(x)

add (minimal) fractional U(1) fluxes f = da

in 12 and 34 planes: ny, = — r,ny, = 1
1 1 N
T4 Ty Ty T4 / Chl (F) :—L
N
| r T ey 02 :
g — r 6 N L1,LQ
SU(N) : N - N
27lr T 0 2 Ji 0 2
B, — NkIL1Lo Flay — NLsL, "k Feg,20)
12 = 0 2rr 7| 34 — 0 2rk__ 1
NLiL> NOL3Ls "¢ "




0x I, 0 ) ‘
J34 = 0 £L237TL4 Lg



2. constant-# U(N) flux -> worldvolume of N D, , wrapped on T* (8 supercharges)

T-duality In two (choice of transition functions) T* directions removes flux, turns into stacks of

Dp +» Wrapped on intersecting 2-cycles on the dual TT4, preserve 8 supercharges




T-duality In two (choice of transition functions) T* directions removes flux, turns into stacks of

Dp +» wrapped on intersecting 2-cycles on the dual T4, preserve 8 supercharges

skip details of:  choice of gauge for 2, = »,£2, (make 2, = 2, = 1)

T-duality in x,, x4, the ones with trivial 2 : D, , on T - D, ., on T*
BPS condition for intersecting stacks of D), ., on T

21, 23 # 1... make for intricate reconnections of Dp el T

~/

result: find two D), , stacks wrapped on 2-cycles on T (v}, y,, 3, ¥s)

each 2-cycle projects onto 1-d line In T%z and 1-d line in TT% 4

g = gcd(k, r) plays again an important role ~ [ dodr (3;0 O O fg;)

T2

| ] | ] | ] | ] | ] | ] ~2 ~2 2 l 4
m —>
describe windings as 1dim lines In |]12, I]34 or as ”worldvolume (6.9) I] ) (RR charges)



g = ng(k, I’), N = k'l‘ f, QSU(N) — I”/N
“k”-stack has g parallel branes: wrap g times in y;, é times in y,, once In y;, at fixed y,

“¢”-stack of a single brane: wraps once in y,, at fixed y,, £ times in y;, once in y,

each of the g branes of the “k”-stack has é intersections with the “£”-stack brane

“I-stack / “”-stack

1 ‘/(7 ;}i

2 X V4 /.
i \\\\iiZ?~g::2 7N\
“”-stack » r L,
— =2
g
\ k_3 o
AN g O | Lily _
0 %i—ll 1 Z—z L3L2
k=6,/=2,r=4 =2 = Q= 1/2SU8) Lily _ tr

LslLy k-



RR charges, from w),,, just the right ones: N Dp

~f§=y§Xg+éX1=k+f:N///

4 branes + correct U(1) fluxes
Rip=7—171
N3y = 1

w® w5 14=—9xg+lx1=1 Q§§=—Z/§Xg+9x1=—r
@) ) Wik w3
“k”-stack “¢”-stack
%2 y Y /
i, \ =2 L \
“¢”-stack r L
=9
g
\ k. o
N T O | LL,
0 y; 1 ¥ — =
I:_1 i L3L2
k=6,f=2,r=4,g=2 = Q= 1/2SU(~8) Lyl _ br

LslLy k-



each Dp 4 has two positions + two worldvolume Wilson lines on T*, 4 modul

there are ¢ + 1 branes in the two stacks, so 4¢ + 4 moduli: 42 of SU(N) + 4 of U(1)
+ massless hyper (1,-1) under U(1) X U(1) lives at each intersection

“I-stack / “¢”-stack

1 //7 ;}i

2 X V4 /.
i, \\\\iizg~g::2 7N\
“”-stack » r L,
— =2
g
\ k_3 o
AN g O | Lily _
0 ;_11 1 Z—z 231:2
k=6,/=2,r=4 =2 = Q= 1/2SU8) Lily _ tr

LslLy k-



3. to study moduli space locally - Higgs branch supersymmetric vacua of p + 1-dim
8 supercharge worldvolume theory

ignoring T*-variations [discuss later] study p + 1 = 3 + 1-dim ./ = 2 theory vacua
U(l) X U(1), X... XU, X U(l),  Ds o Yo, ¥1: Y2, Y3, Yas V55 Yoo V7

2 cycle eT*

“k”-stack / “¢7-stack

» y % /
z \ I
NN

“0”-stack




Coulomb branch ¢; ¢, ¢, i
in /' = 1 terms, each U(1) has adjoint chiral: D5 position in yg, yo + 2 adjoint chiral: Ds position/Wilson line in T

ignoring T*-variations [discuss later] study p + 1 = 3 + 1-dim ./ = 2 theory vacua
U(l) X U(1), X... XU, X U(l),  Ds o Yo, ¥1: Y2, Y3, Yas V55 Yoo V7

2 cycle eT*

“k”-stack / “¢7-stack

/
NN

“0”-stack




Coulomb branch ¢; ¢, ¢, i
in /' = 1 terms, each U(1) has adjoint chiral: D5 position in yg, yo + 2 adjoint chiral: Ds position/Wilson line in T

ignoring T*-variations [discuss later] study p + 1 = 3 + 1-dim ./ = 2 theory vacua
U(l)l X U(1)2 X . .. X U(l)g X U(l)f ~ hypers (2 chiral & = 1) under each U(1), X U(1) ;: q, §

8

uku_stack / “f,,‘StaCk
// |
/[ . —
- N \ :g =2 ™
“0”-stack : ‘ oL,

T2
g
k

\\ PR
g

0 y 1 ) Y3 1



Coulomb branch ¢; ¢, ¢, i
in /' = 1 terms, each U(1) has adjoint chiral: D5 position in yg, yo + 2 adjoint chiral: Ds position/Wilson line in T

ignoring T*-variations [discuss later] study p + 1 = 3 + 1-dim ./ = 2 theory vacua
U(l)l X U(1)2 X . .. X U(l)g X U(l)f ~ hypers (2 chiral & = 1) under each U(1), X U(1) ;: q, §

8

ccku_stack “f”'StaCk
/ ! /
I o ~
i \QQ. EPEC AR
\ \ AN -
“0”-stack ‘ r oL,
LA}
8
k
\\ PR
g
0 R 0 Y3 1



Coulomb branch ¢; ¢, ¢, i
in /' = 1 terms, each U(1) has adjoint chiral: D5 position in yg, yo + 2 adjoint chiral: Ds position/Wilson line in T

ignoring T*-variations [discuss later] study p + 1 = 3 + 1-dim ./ = 2 theory vacua

~ hypers (2 chiral & = 1) under each U(1), X U(1) ;: q, §

8

field|U (1), charge|U(1); charge|...|U(1); charge|...|U(1), charge multiplicity

q 1 —1 a=1,..,1/g

G —1 1 a=1,..1/g

a=1,..1/g bifundamental

q; 1 —1 a=1,..,1/g hypers /2 chiral/
q. —1 1 a=1,..,1/g S
a=1,..,1/g 9> 9a

Qg 1 —1 a=1,..,1/g

q; —1 1 a=1,..,1/qg

b A =1,2,3 A=1,2 adjoint
Y A=1,2.3;i=1,..,g hyper

A=3 adjoint vector
Coulomb branch



Ul X U(1), X ... X U(l), X U(1),
r r =0 on Higgs branch

g g g g
W=> os Z Quas + ¢3 ) Z G gf (63 + ¢3i)d =0, (¢3 + d3i)qf =0
i=1 a=1 i=1 a=1
g .
Z qu qu =0,1=1,...g g complex constraints s :
1 @zt ’ ’ F- and D-term conditions, Higgs branch

a=

Z ‘ ‘qz — 0 g real constraints U(l) - olonomies

dim of Higgs branch = 49+4 + \4; — 4q =4r 44
N—— N~ A

adjoint hypers bifundamental hypers D— F— gauge constraints

- |

geometriC missing ANQ = 4r, as per index theorem
moduli ¢, ¢, modull




identical equations and counting (minus the 4 U(1) holonomies) obtained in Anber, Cox, EP 2504 paper

in local analysis of self-dual perturbations of constant-/ instantons

... Using the tens of pages of Appendices of Anber, EP 2307
... VS virtually no calculation here!

gt =0,i=1,... 1 traint L .
231 Qa4 ’ e g compiex consralits e and D-term conditions, Higgs branch
a=
r
g
1|12 |02 g real constraints
E : 44l q; |7 =0 ' U(1) holonomies
a—=1 l
+
dim of Higgs branch = 49+4 + 4r — 4q =4r 44
~—— . ~ ~~ 4
adjoint hypers bifundamental hypers D— ,F'— gauge constraints
geometric missing ANQ = 4r, as per index theorem
moduli ¢, ¢, modull
for r = g - a single intersection only - g = g = 0, only geometric modulli




identical equations and counting (minus the 4 U(1) holonomies) obtained in Anber, Cox, EP 2504 paper

in local analysis of self-dual perturbations of constant-/ instantons

... Using the tens of pages of Appendices of Anber, EP 2307
... VS virtually no calculation here!

~1 a 0. 5 — :
=0,1=1,... I traint .. .
231 Qa4 ’ e geomplex consramts e and D-term conditions, Higgs branch
a=
r
g
1|12 |02 g real constraints
Z 44l q; |7 =0 ' U(1) holonomies
a—=1 l
dim of Higgs branch = 49+4 + 4r — 4q =4r 44
~—— . ~ ~~ 4
adjoint hypers bifundamental hypers D— ,F'— gauge constraints
geometric missing ANQ = 4r, as per index theorem
moduli ¢y, ¢, moduli

r
While this makes me happy, | would like to learn more... where does this leave us, re. 0 = N on T%?



4. Summary and wishlist

- 1 told you that 0 = % instantons on T+ are responsible, in various

calculable settings, for confinement, chiral symmetry breaking:
so physically of interest.

| considered the embedding of constant-F, Q = % Vr € N, BPS instantons in

string theory and used this picture for a local study of the moduli space.

- The results are satisfying ... agree with index theorem, QFT study, easy to obtain...

- ... butignore T+ variations where the most Interesting properties are hiding!

NOW

“ignoring T*-variations [discussy(er] studyp+ 1 =3+ I-dim ./ = 2 theory vacua”



4. W|ShI|St ... Where help is nheeded

- QGiving the bifundamental hypers (“missing moduli”) vevs makes solutions space-
time dependent. Not much is known of these, apart from very limited numerics!-  Anver cox ep 2504

bifundamental hypers: vevs”?

For R* instantons of charge-p € Z, Ds/ Dg (say)
the ADHM moduli space is also a nggs branch; /\
1

ADHM background “lives” on a probe D, can be
found explicitly. v

x il
On T* both geometric and bifundamental hyper \ —
moduli are expected to be compact... can one study N _—
via branes? Global structure of moduli space? \ X
It is natural to expect that Q = r/N with r = pN O\ o' ¢ 0 o

reproduces ADHM In infinite volume limit, for fixed i i
overall size. Details?  There may be some interesting math. ..

2

| also told you early on that “monopole-instantons” on | 3 % Sl “center-vortices” on X |
“fractional instantons” on R X T° are all related (humerics/analytics). Can this be seen/better
understood using the brane picture?

Finally, detuning the T shape away from the BPS limit leads to an open string tachyon at
intersections... end point of tachyon condensation vs. A-expansion in QFT?




Thank you.’



