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Outline

@ The contribution to the PRIN

© Overview of the phases of (3+1)d SQCD

© (2+1)d tools

@ (The) two main (2+1)d A/ = 2 dualities

© A new duality from compactifications: KK monopoles.
O 551 — 2o

@ D-branes: reduction from T-duality.

@ Constructing the web
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The contribution to the PRIN

Motivations

Exchange of ideas and results between the high-energy and the condensed-
matter communities, after the discovery of (241)d bosonization and it general-

ization to a more general web.

Project

Shed some light on the web of (2+1)d dualities drawing some inspiration from

the knowledge of supersymmetric infrared dualities.

|

Techniques

This research will rely on: Supersymmetry breaking, Localization, Branes, ...

Goals

@ Tests and new 241 non-SUSY dualities;

@ Generalization to other dimensions.
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The contribution to the PRIN

Today: review of (2+1)d dualities with four supercharges

Q Why N =27

Al Holomorphy protects W from quantum corrections;
(for N =1 also time reversal needed).

A2 (2+1)d N = 2 dualities can be derived from 4d ' =1 by a
"sensible” compactification.

A3 There is a large web of dualities (here we are focusing on for
(2+1)d U(N:) SQCD).

This web will be the subject of the talk, we will show how to obtain it
using (3+1)d results, dimensional reduction, brane engineering and
localization (on the three sphere).
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Overview of the phases of (3+1)d SQCD

The phase structure of 4d SQCD
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Overview of the phases of (3+1)d SQCD

The phase structure of 4d SQCD
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(2-+1)d tools

Tools in (2+1)d

SUSY offers many tools to study (2+1)d models and check conjec-
tured dualities

@ Moduli space: HB and CB

@ CB coordinates, monopoles and "superpotentials”

@ Localization: spheres, indices and topological twist

@ Anomalies: gauge vs global, continuous vs discrete (parity)
@ CS vs YM action

@ Real masses and background symmetries

°

Topological symmetry
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(2-+1)d tools

Multiplets

Vector: V = (A, Aoy 0, D) where o from dim. red. of A3
Chiral : & = (6,9, F)

Coulomb branch (CB)

Due to (o), combined with the dual photon ¢ = d x F
Chiral X; = g% + i;; e¥i CB coordinate (UV monopole)
3

Monopole superpotentials: W  ef(>), lift some CB directions

Abelian global symmetries

Axial U(1)a (anomalous in (3+1)d); U(1)gr R-symmetry;
topological U(1); shifting .
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(2+1)d tools

Chern-Simons (CS) action

Scs =4 [ THANdA—3A® — A\ +20D) w/ keZ

Real masses

| r

Coupling |0, Thér|?, (0peke) real mass for
8 0pckg 'R g

CS and fermions

Integrating out fermions with large real masses generates an effective
CS: k,-‘jff = kj + 2>, ci(vr)ci(r)sgn(my)
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(The) two main (2+1)d N = 2 dualities

Aharony duality '98

ELECTRIC: 3d N = 2 U(N.) SQCD, with N¢(> Nc) O Q and Nf O @;
w=0

MAGNETIC: 3d N = 2 U(Nf — N¢) SQCD, with Nf O g and O §, M = QQ, Vo monopoles of U(N.) (singlets
of the dual phase) and v4 monopoles of U(Nf — N.)

W = MqG+viVy +v_V_

If Nf = N¢ = 1 it reduces to mirror symmetry: U(1) with Ny = 1 dual to 3 chirals interacting through W = XYZ

Giveon-Kutasov duality '08

ELECTRIC: 3d NV = 2 U(N,), SQCD, with Ny + |k| > N and Ny 0 Q and and Ny O Q ;

W =0
MAGNETIC: 3d N = 2 U(Nf — N¢ + |k|)_ SQCD, with Ny 0 g and O § and M = QQ

W = Mqg
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A new duality from compactifications: KK monopoles.

@ 4d/3d reduction of U(N.) SQCD [Aharony, Razamat, Willett, Seiberg '13]
@ On S effective description with Wgpg_ pole and Wiy /e (reproduce SUSY vacua at Nf =0)

@ If Nf £0: Wf(l,e( and W;(n;g participate to a new duality:

ARSW duality '13

ELECTRIC: 3d N = 2 U(N.) SQCD, with N¢(> Nc) O Q and Ny O @

W= W = nViV_

2 2
. _ —1/(re3) _ .—1/g; _ aAb
withnp =e /(rg3) — ¢ /4_Aholc

MAGNETIC: 3d N = 2 U(Nf — N) SQCD, with Ny O q and Ny T §

W = Mqé + fivyv_

@ U(1),4 broken (as in 4d) by KK monopoles
@ GK and A from this new duality by real mass flows and Higgsing
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Issxst — Zs3

This procedure can be reproduced by

Localization

Here we focus on the S reduction of the 4d superconformal index:

ele __ gqmag ele __ ~mag
I 51 = Issg — 25 = Zg
r—20

This procedure requires the cancellation of divergent pre-factors. It
is not guaranteed to work (e.g. ' =4 SYM and SO(N,) dualities).

Antonio Amariti (INFN) (2+1)d dualities 12 / 30



Issxst — Zs3

SCl = Tr(—1)Fe PEphtsqhts [T,y u?

g’/azi_l)

;e _ (o)™ /H dz; T2 Te((pg)? azi)Te((p9)
vine) 2miz; [1ic; Te((2i/2))*)

k+1 k+1 /Z

with (p; p) = []o2;(1 — p>) and Te(x) = Hk m= o' = B q’”z

Reduction: define
p= e27rirw1, qg= e27rirw2’ o = e27rirma’ fa = eZTrirna' 7z = eZTrirU;

The reduction corresponds to the limit r — 0 with w;, m,, n, fixed.

w1 + wo

lim [e((pg)2#+% oc Th( R+ m,+0i)
r—0

Subtraction of a divergent term o< Tr R and Tr F
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Issxst — Zs3

Localization

The 4d compact integral is now a non-compact integral over o

G . 2 N ~
. / doj  tkroiy2mire; [T, Ta (WA + pi(0) + pi(p))
Zc. )\; = — ——e wiw2 wiw)
ck(X i) W] 1;[1 = oce, Mn(Fa(0))
e Balancing condition: relations between the fugacities (3+1)d

(due to anomalies) or (2+1)d real masses (due to Winon);
@ FI: real mass for 3d U(1), (here \);
e Dualities as integral identities (subtleties due to c0);
@ Real mass flow and CS: limy_oo [p(x) = eimsgn(x)(x—w)?.
@ Flows to generate new dualities
°

Holomorphic mass ['p(x)lp(2w — x) =1
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Issxst — Zs3

Aharony

F
ZympoNimiv) =TT Talka + va)Zugr—myo(—Xiw — viw — p)
a,b=1

F
X rh(%(z(ﬂa+ua)i/\)+w(F_N+1)>

Giveon-Kutasov

7
v
|
A

E
Zyyk(Nipwiv) = e? IT ralea+ Va)ZY(F—N+|k|); _ g (AW — viw — )
a,b=1

where ¢ = ¢(w, p, v, X\, F, N, k) collects the (CS) contact terms.

ARSW

B
Zyyoi i v) = € [T Talpa + va) Zyr—wyo(—Xiw — viw — p)
a,b=1

with Zle(ua + v3) = 2w(F — N) (balancing condition, enforced by Wy ).
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D-branes: reduction from T-duality.

Duality due to the brane creation effect during the transition through
infinite coupling (i.e. crossing of NS branes)

4d Seiberg duality and branes

all

(89] NS NS’
|/ NDa
L (6] /|
[45] F D6
SU(N) SQCD
w/ F flavors
N
N >
)
F-N
F-N
Separate D4/Dé Exchange
along [45] NS and NS’

-

—

Separate the
Dé along [4]

FD6 NS NS

F D4/ F-N D4

Seiberg dual SQCD
after recollecting
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D-branes: reduction from T-duality.

|01 2 345 6 7 89 |01 2 3 45 6 7 89
NS |[X X X X X X T-duality NS [X X X X X X
NS' |X X X X X X — NS' |X X X X X X
NeD4 [ X X X X [X] along x3 NeD3 [ X X X X1
NeDE | X X X X X X X NeD5 | X X X X X X

For Nf = 0 (SYM):
W = Wnon = Wr(n’i'l:S) + Wr(nKog)

E1: Euclidean D1,

For Nf # 0 (> Ne) W = wWikK)

mon

INT91

%i—%i+1
2

W o e & + ne 3]

with Nambu-Goto (for o) and Boundary action (for ¢)

+ilej—®it1) 2 +ien—©1)
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D-branes: reduction from T-duality.

[A.A., D.Forcella,C.Klare,D.Orlando,S.Reffert '15]
[A.A.,C.Klare,D.Orlando,S.Reffert '15]
@ ARSW from T-duality + Hanany-Witten transition
e KK monopole (from the affine root)
e Orthogonal and symplectic gauge groups,
e Tensorial matter with power low superpotential
@ Brane picture of Aharony duality (monopole superpotential
from local mirror symmetry)
o Giveon-Kutasov duality from Aharony duality on the brane
picture
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D-branes: reduction from T-duality.

ARSW duality
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D-branes: reduction from T-duality.

[A.A., D.Forcella,C.Klare,D.Orlando,S.Reffert '15]
[A.A.,C.Klare,D.Orlando,S.Reffert '15]
e ARSW from T-duality + Hanany-Witten transition
e KK monopole (from the affine root);
e Orthogonal and symplectic gauge groups;
e Tensorial matter with power low superpotential;
@ Brane picture of Aharony duality (monopole superpotential
from local mirror symmetry)

o Giveon-Kutasov duality from Aharony duality on the brane
picture

Antonio Amariti (INFN) (2+1)d dualities 20 / 30



D-branes: reduction from T-duality.

Aharony duality (1): ARSW duality with one extra flavor

F+1 D5

F+1 D5

F-N+1 D3 O

3

Lo
' ®
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D-branes: reduction from T-duality.

Aharony duality (I1): real mass flow and dual Higgsing

NS NS’
\\ //

NS NS
\\ //
1D5 1D3
t 1 1 j FDst 1t
F-N D3
3
S
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D-branes: reduction from T-duality.

Aharony duality (I11): local mirror symmetry

e W = Mqg + Mg§ + e =% + e~ n

\ ~ Last two terms from E1
Local mirror symmetry at x3 = 7r
W = Mq§ + MX + XYZ + e™1Y + Ze =N
Integrating out the massive fields

® W = Mq§ + v Vi + v_V_

where we used the standard identification

vi=X, v.=Y, V,=e"l, V_=e VN
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D-branes: reduction from T-duality.

[A.A., D.Forcella,C.Klare,D.Orlando,S.Reffert '15]
[A.A.,C.Klare,D.Orlando,S.Reffert '15]
e ARSW from T-duality + Hanany-Witten transition
e KK monopole (from the affine root);
e Orthogonal and symplectic gauge groups;
e Tensorial matter with power low superpotential;
@ Brane picture of Aharony duality (monopole superpotential
from local mirror symmetry)
@ Giveon-Kutasov duality from Aharony duality on the brane
picture
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D-branes: reduction from T-duality.

Real mass flow and CS from the branes

k D5

NS
T\

U(N) SQCD w/
F flavors

NS’
//

Real mass flow, Ng/
(1,k) and CS e

k D5,
F D5

)

NS U(N) SQCD w/ NS~

T\ F+k favors 1
4+1] F+k D5

/

ﬂ N D3
3
Je
7
U(N), SQCD w/ NS~
ﬂ F flavors e
(1,k)
Flvebrane
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Constructing the web

Other mechanisms

@ Real mass flow generating "chiral” dualities, i.e. F; # Fg,
[Benini,Cremonesi,Closset '11]

@ Higgs flow from the circle reduction of the Intriligator-Pouliot
duality for USp(2N.) to U(N.): linear monopoles
superpotentials, [Benini,Benvenuti,Pasquetti '17]

@ Higher monopole powers and classification using systems of
D-branes and O-planes (affine and twisted affine
compactifications) [A.A,Garozzo, Mekareeya, 18]
[A.A,Cassia,Garozzo, Mekareeya, 19|

Note:
Each case has been checked by matching Zg3 and the brane picture,
describing the duality, has been found
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Constructing the web

BBP and branes

NS
2ND4
oa*

NS’ NS
2ND3
o3*
2F D5

NS’

ost Q o3t <>03+

2F D6

Consider 4d IP electric phase on st
047 splits into the pair (03", 031) (Affine case)
Higgs flow: USp(2N) — U(N)

Wmon = V4 + V_ generated by the E1

In general:
o4t 04~ 04~
A |(03",03T)| (037,037) | (03, 037)
T |(03t,037)| (03—, 03%) | (03~,037)
T |(03t,037)| (037,037) | (037, 03%)

where A stays for affine and T for twisted affine
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Constructing the web

Summary(l): electric models

Duality Gauge Flavor W
Aharony U(Nc)o (Nf, Nf) W=0
GK U(N:)x (Nr, Nr) W=0
ARSW U(No)o (Nr, Nr) W=V, V_
(p.a)-BCC | U(Ne)isin—ny12 | (Nr, Na) W=0
(p,0)-BCC U(N)..2 (N, N — x) W=0
(P.a)*-BCC | U(Ne)k<in;—nyiz2 | (Nr, Na) W=0
BBP U(Ne)o (Nr, Nr) = Vit V_
BBP U(Ne)o (Nr, Nr) W=V,
BBP U(N.). 2 (Nr, N — x) W=V,
BBP U(No)o (N7, Nr) =Vt V?
AGM U(Ne)o (Nr, Nr) W=V2
AGM U(N). /2 (Nr, N — x) W=V2
ACGM U(Nc)o (Nf, Nf) = Vi + V_
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Constructing the web

Summary(ll):magnetic models

Duality Gauge w
Aharony U(Nf — Nc)o W= Mqg+ viVi+v_V_
GK U(Nr — Nc + | k)=« W = Mqg
ARSW U(No)o W = Mqg + vav_
(p.a)-BCC | U(T5™ — Ne + [k])— W = Mq§
(p,0)-BCC U(Nr — Nc)_x/2 W = Mqg + vy Vi,
(P.q)*-BCC | U(max(Nr, o) — No)_¢ W = Mq§
BBP U(Nr — N. — 2)o W = Mqg + vs + v_
BBP U(Nr — N — 1) W = MqG + v; +v_V_
BBP UN; — N. —1)_, 2 W = Mqg + v,
BBP U(Nr — No)o W = MqG + V2 + V2
AGM U(Nf — Ne)o W = Mqg + V2 + v_V_
AGM U(Nr — Nc)_x/2 W = Mq§ + v
ACGM U(Ns — N. — 1)o W = Mq§ + V2 + v_
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Constructing the web

Conclusions

@ Rich web of dualities for U(N.) SQCD thanks to dimensional
reduction, real mass flows, Higgs flows and monopole
superpotentials;

@ The web can in principle be enlarged (similar discussions hold
in the non-supersymmetric case);

@ Higher powers for the monopoles are forbidden (in absence of
extra charged matter fields);

@ Fractional powers are not forbidden. Do they have any field
theory interpretation?

e Generalizations to SU(N.), USp(2N.) and SO(N.), quivers
and tensorial matter.
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