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Gauge 3-forms in four dimensions:
a simple model



¢ (Gauge 3-form: Az — Az +dX,

The simplest 3-form In 4d

-y F; =dAs

. 1
¢ Action: S=-- / Fy Nl + / Ag AN*Iy+ ... .. Hawking 84,
2 M oM
N\
/ d(Ag/\*F4)
M
¢ FoM: dxFy =0 == xFy = n constant!
(fixed by boundary value)
g effective cosmological A
1 constant
Seff:——TLQ/d4$\/—g—|—... o
2 Aeg = n
\§ J




Remarks

| traded for
¢ Lagrangian’s parameter n ~ v/ Aegg == (noNn-propagating) Fj

¢ Different TV ’s correspond to different effective actions

¢ Stringy/quantum gravity — n s guantised

[..., Banks-Seiberg "10, ...]



Adding membranes

¢ \We can add membranes: Sy = —7y / d°év/— det h + q/ As
C C

~

d * F4 = q51(C)

—n4g /
A Aeff ~ n2
n =23
¢ Nucleations of membrane bubbles l
[..., Brown-Teitelboim, ...] l n =2
n=1




Gauge 3-forms in string
compactifications



3-forms from string compactifications

¢ String theory contains several gauge
p-forms:

Cp w—) Gp_|_1 — de

¢ Effective 3-forms in 4d:;

[Bousso-Polchinski "00]

Cp =/ A5 Nwa + ... e March Russel Seiby Wizl 00
| A \ [Carta, Marchesano, Staessen, Zoccarato ~16]
Gp+1 _\F—Ll//\ s .a|.opropriate basis of closed internal forms
g | B
¢ However, usual strategy: trade G;ﬁfl for Gt = 5,0G2Y,
o e [ Gt ) = Ves(inm)

™~

\_ light scalars )




3-forms from string compactifications

¢ Various wrapped branes can /
give effective membranes in 4d

l /

* domain walls separating compactifications with
different flux quanta

* dynamical relaxation of the CC So far, mostly qualitative:

[Bousso-Polchinski "00]
[Feng-March-Russell-Sethi-Wilczek "00]

¢ Difficulty of fully 10d description

* matter changing transitions ¢ Presence of 4d modul

¢ Supersymmetric 4d EFT including
3-forms and membranes was missing



Main questions addressed in this talk

Can we combine:

* gauge three-forms “dynamical” flux quanta
* membranes

* supersymmetry powerful 4d organising principle

iNnto a 4d effective supergravity for string compactifications?



Main questions addressed in this talk

¢ \We will focus on effective superpotentials of the form

Weg(®) = 6](131 — mIgIJ(CI))(I)J where Grj(®) = 070;G(P)

/
Inspired by string flux special Kahler
compactifications prepotential

# Counting: a pair of mI’ €] <P | for each (I)I)

1 Py

[a pair of ‘microscopic’ 3-form potentials A%, Ars )

¥ |s there a ‘microscopic’ supersymmetric 3-form theory such that

[<F4{>7<F4J> ~ mle; —p Wog (D) ) 7




Gauge 3-forms and
4d rigid supersymmetry



3-form multiplets Seam™=™"

¢ Start from a a set of complex linear multiplets X7 :

r = = = ~ )
D?; =0 = X;=Dy0% =0 J:ﬁcgf)meame +0%s7 + ...
\DOUBLE 3-FORM MULTIPLETS complex 3-form [Gates-Siegel "81] y

¢ Gauge symmetry selected by prepotential G(S) for gauge invariant chiral fields

St =D* (M"Y ImS,) =o' +...+ M Fyy 4. )
— \\
inverse of My =ImgGy; M s,
207056

¢ Gauge symmetry: (ZI 3,4+ Ly — G L7 ]
~ N\

real linear multiplets: D?L = D?L = (
L =14 (xdA2),,00™0 + ...



3-form multiplets Seam™=™"

¢ Start from a a set of complex linear multiplets X7 :

r = = = ~ )
D?; =0 = X;=Dy0% =0 J:ﬁcgf)meame +0%s7 + ...
\DOUBLE 3-FORM MULTIPLETS complex 3-form [Gates-Siegel "81] y

¢ Gauge symmetry selected by prepotential G(S) for gauge invariant chiral fields

St =D* (M"Y ImS,) =o' +...+ M Fyy 4. )
—— \\
inverse of My =ImGyy M s,
207046

¢ Gauge symmetry: (ZI — Y7+ EI — gIJLJ ]

o CSI:ABI_QIJAg , .7:41:d14~131—g_”d143‘]
* Af— AL +dA;, Asp — Asp 4+ dAy;

* Oy is pure gauge



The Lagrangian

- [[, = /d49K(S, S’) + Lyq ] "Microscopic” 3-form theory

¢ We can rewrite It as:

L= /d49 K(®, ®)

* Integrating out X

ordinary chiral multiplets

=

/d29 X9 — X;D*(M"Im¥ )]

- &= gl = p? (/\/lUImEJ)

|

back to original Lagrangian L !

C.C.



The Lagrangian

- [[, = /d49K(S, S’) + Lyq ] "Microscopic” 3-form theory

¢ \We can rewrite it as: ordinary chiral multiplets

=

L= / d*0 K (®, ®) / 4?0 [X;®' — X;D*(M'/ImX,)| + c.c.

* EoMof X = DgVUT b XI:eI—QU(CP)m
N\

arbitrary integration

/ constants
/

=ffective Lagrangian for Log = d46’K(<I> CID) 4 dQHWeff((I)) 1 e
ordinary chiral multiplets © ’

J

~

) We (@) = e;®! — m!Gr (®)D7
K(®,®)is arbitrary! \_ J




The Lagrangian

- [C — /d4(9K(S, S') + Lpq j “Microscopic” 3-form theory

St =ol ... +[92MIJ*./T4J}—I— . . .double 3-form multiplets

ol — ¢I + ... #{QZFCII)}F e ordinary chiral multiplets

4 )
Log = /d4«9K(<I>,<I>) + /dZHWeff((I)) + c.c.

Effective Lagrangian

Weg (@) = er® — m! Gy (@)D’
. /




Gauge 3-forms and
4d supergravity



Weyl invariant formulation

¢ Ordinary formulation is not the most natural one: cf. Bagger&Wess
textbook

/d‘l@Ee_éK(q”@) +/d295W(<I>) chiral multiplets: ®* (i=1,...,n)

¥ Introduce:  * conformal compensator Y
* projective coordinates Z1 :YfI (P) I=01,....n

e )
¢ /d4¢9EQ(Z, Z) + /dQQg W(Z) is invariant under Super-Weyl| transformations:

. [/ 1/ EY — e V'Ey ZT 5 ez )
|Y|§e—%K(®,<T>) YW (D) * QINZ,\Z) = ‘)\|%Q(Z, Z)

* W(\Z) = W(Z)

¥ Gauge-fixing: Y =1 = back to B&WSs formulation



String-inspired superpotentials

¢ \We will focus on effective superpotentials of the form

Weat(Z) = e1Z' —m'G1(2) where Gi1(Z)=0:1G(2) = Gr,(2)Z”
G(\Z) = N*G(2)

e.g. in type IIB :/ Qg/\G3RR * 7! :/ 5 g1 :/ (3
X Al By
[Gukov-Vafa-Witten 99|
* ezz/ Gyt mf:/ GER
By Al
§ Counting:  conformal compensafor + =P 7+ 1 pairs mI, er

TV physical chiral multiplets

[!‘ ‘Microscopic’ 3-form supergravity theory with 1 + 1 double 3-form multiplets’?)




The 3-form Lagrangian

Microscopic Weyl-invariant 3-form theory

[L = /d49E Q(S,8) + Lpg ]

St =l + ... {02@\‘4# + M”*ﬁu)}« .

{7
ZI:¢I+...+...

Effective Weyl-invariant Lagrangian

-

N\

~
Log = / d*0EQ(Z,7) + / d°0€ [e; 2" —m'Gr(Z)] +ce.+ ...

J




Remarks

¢ After gauge-fixing: [ Imn, ] [ o3 ] [ F{ =dA; | Fyy =dAs, ]

I I metric ;
ST = Yf (¢) 7V scalar fields re 102¢Tiln+ 2u:ili?rrm1§1elds M, F!
Y =1 (Zzlaan) i y ' e

(I=0,1,..., n)

+ fermions

¢ One can add other F-terms and couple “ordinary” chiral matter

L= / d0EQ(S, S, T,T) + / dQQ{W(S, T) ]

integrating out 3-form — Weff(Za T) — @IZI — mIg[(Z) {W(Za T)]

potentials




Examples



A special class of Models [ntes raraosranz

¢ Factorised kinetic potential: e.g.: type Il compactifications (const. warping)

[Grimm-Louis "04]

(S, S, T,T) = (Im [s-’g‘l(g)])% 6—%K(T,T)
~—

special Kahler geometry

¢ The theory is covariant under symplectic duality transformations

I I
( A >—>S< A ) S e Sp(2n+2;7)
Az Az

In type Il models, expected from freedom to change symplectic basis of cycles



A simple example

# 2 double three-fom multiplets:  G(S) = —15°5?

* Tscalar ¢ | K(¢,¢)=—loglmg¢

* 4 gauge 3-forms: A(sy Alsy  Agpo | Ay Flayo = d({l(g)o —iA(y))
Flayr = d(Ay — 1A4¢3)

do A *do _
¢ Action: S = —/ [R*l + gmgb)j + 7" (9) (4)1*]:(4)J] + Sbd + fermions
\ _
1 ( 1 i — 3lmo )
Img \ —i¢p —3Im¢ ||
b
* |Invariantunder SL(2,7Z) C Sp(4,7Z) : ¢ — azid Fr— UI‘]]:J
C

duality group



Sbos — _/ [R 1+ (Im¢)2 + TIJ(¢)JT"(4)I F(4)J + de

Integrating out 3-forms:

Re (TIJ*./_':]) — mI Im (QUTJK*FK) = €5

)

do A *do
% Seff — _/ [R*l + (Q;H/I¢)2¢ + V;aff(¢7 ¢)

* Veg = e (|DWeg|? — 3|Wer|?)
* Wer(d) = (eg +im') —i(ey +im°)¢

Infinite landscape of AdS vacua

50l

©.2.07T

from a single 4d theory! - 1.0

(SUSY) vacua:
0.5 1 .
m- — ley
¢>l< — . 0
e1 — 1m
-0.5 0.0 0.5
cf. [Denef-Douglas "04]

1.0



Type A compactifications . cimmwous o

¢ n+ 1 double 3-form multiplets: S =(5°,5%) (i=1,...,n)

1A1/ compensator + complexified Kahler structure moduli ¢Z = v’ — ib’
h”
| 1 .
¥ Prepotential:  G(S) = @kijkszsjs Kijk ~ ftriple intersection numbers
¢ p%! 41 ordinary chiral fields: 1% =P 4+ ...  complex str. moduli +

dilaton+ RR-axions



Type IIA compactifications

¢ Sphos = — / (R+ Kij o' A"d¢/ + Koyq dt? A "di?)
N T R ) IR

i i i 0 ~ ~ ' 1 /

. - . 1 . 1 o
* Fag = Fio + 0 Fu + Shijeb'V Y + Chijeb'b b F)

¢ One can solve EoM’s of 3-forms in terms of 21 + 2 integration constants [ml , eJ]

1

4 )
SB—forms — _/d4le 6‘/eff(¢7 &) Vveff — eK(u)I/VefH2 — 3|Weff|2)

Weﬁ(¢) = €0 + ei(I)i + kz]kmzq)]q)k + mokwkCI)"cI)JcI)k — / GRR A eB—I-iJ
X [Gukov-Vafa-Witten "99]
[Grimm-Louis 04| y,




Type IIA compactifications

& Shos = _/ (R + K Aot A*dd? + K g dtP A *df‘?)

—/ [e_’c (Ff *Ff — Kz-jIFfl *Ffl) + eK_K (Kijﬁu *]F‘4j + F4o *Eo)} +Shd

i i i 0 ~ ~ ' 1 /

. - . 1 . 1 o
* Ty = Fyo+ b Fy + §kijkbzb9Ff + gkijkb’bjbka

¢ Partially matches bosonic action of  [Bielleman, mariez, Valenzuela “15)

[Carta, Marchesano, Staessen, Zoccarato "16]

derived from 10d type Il democratic pseudo-action [Bergshoeff, Kallosh, Ortin, Roest and Van Proeyen "01]

Ip I
Sbd — / (m Far —er I 4) hybrid formulation with m?. e
present in the boundary term



Membranes and jumping
domain walls



Membranes

¢ We can couple locally supersymmetric (qr,p”)-membranes

C: & — a™¢),0"),0M¢) superembedding

Sy = / d°¢v/—deth |q;S" —p'Gi(S)| +a@ / A3 / As;
C

kappa-symmetric without dynamical
constraints on bulk fields!

¢ Supersymmetrization of what expected from type Il compactifications, with
correct moduli dependent tension



Jumping effective potentials

¢ Membranes generate a jump of the integration constants

QI/Aé_pI/IZI?)I
c c

and of the effective superpotential €J

Wale(g) — wet ©

m-+p,e+q

¢ One can have domain walls or bubbles interpolating between different

effective potentials T
Vrf’l,e Veff

m-+p,e+q




Jumping BPS domain walls

¢ Flow equations in presence of membranes

éi — 9K 83—‘Z| with jumping “central charge” Z — Q%KWGH

==) away from membranes, as in  [Cvetic-Griffies-Rey "92]
[Cvetic-Soleg "96]

[Ceresole-Dall’Agata-Giryavets-
Kallosh,-Linde "06]

¢ Central charge jumps across the membrane: 2|AZ| =Ty

¢ A BPS-action argument identifies the domain wall tension

— — : [Ceresole-Dall’Agata-Giryavets-
Ipw 2’2 "FOO 2‘2 ‘—OO asin Kallosh,-Linde “06]



Jumping BPS domain walls

d *de -
<?m/\¢)2¢ =+ ‘/eff(qﬁv Qb)

Weg(0) = (eg +im') —i(eq +im?)o

¢ For instance, in our toy model each [P — / [3*1 4
effective potential has a single susy vacuum

m' — ieg

¢*:

e1 — imVY

¢ A jumping domain wall can connect these vacua

o A— o,
For instance: Re¢ = Re¢. = Re¢, Im ¢, J

40 |Z‘ Im ¢, coth? [| Z,|(y + ¢)] g
3.5
3.0/

) il pral®
2.5 -

I Wine(®)
2.0/

O




Final remarks

¢ Tadpole conditions can implemented by partially integrating
out gauge-three forms

¢ Possible incorporation of brane sector? — Jom i ey e Sreessen
Uplift to M-theory?

¢ (Generalization to extended supergravities?



Thanks!



