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Abstract: We consider a consistent construction of the supersymmetric action for a codimension-two brane in six-dimensional Salam-Sezgin
supergravity. When the brane carries a tension, we supersymmetrize the brane tension action by introducing a localized Fayet-Iliopoulos term on the
brane and modifying the bulk SUSY transformations.

As aresult, we find that among the axisymmetric vacua of the system, the unwarped background with football-shaped extra dimensions respects
N=1 supersymmetry. We extend the analysis to include the brane multiplets with the couplings to the bulk fields.
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Introduction

Introduction

@ Can we use flux compactifications to solve the cosmological
constant problem?

@ What is the implication of flux compactifications for particle
physics model building?

@ For the simplest example, we consider the flux

compactifications with a codimension-two brane in six
dimensions.
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Introduction

@ The tension( I') of codimension-two brane deforms the
geometry of extra dimensions by a deficit angle without
curving the 4D spacetime: locally, ds® ~ dr? + 3°r>d#?, with
a deficit angle 27(1 — 3)=T.

@ When the Euler number y of compact dimensions is kept, the

bulk curvature should respond to the change of a brane

tension: y = .= [ d°yRo +=> . Ti.
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Introduction

Flux compactifications

[Cremmer, Scherk(1976); Carroll.Guica(2003); Navarro(2003)]

@ In 6D Einstein-Maxwell theory, the bulk action is

i 1
= e i NS MN
s /dxu G(zR Ao — 5 FunF ) (1)
@ [ he factorizable solution is
ds® = gu(x)dx"dx” + R5(d8” + 3°sin” 8do®), (2)
Fo, = qR33sinb. (3)

where g,,,,(x) is the maximally symmetric solution with
Ae—1(As—1q7). and By " = 2(As + 24°).
@ Tuning g% = 2A, with Ap > 0 is required for the 4D flatness.
@ Two equal brane tensions T; = T, = 27(1 — 3) are located at
weosooe LNE poles.[cf. This is the condition to keep y = 2] iy, o




Introduction

@ [he gauge potential in the patch surrounding the
north(south) pole is
A, = —qR23(cos8 F 1). (4)

17

@ Under the gauge transformation in the overlapping region,
A(&) = 2qRZé 30, a bulk field with charge g transforms by a
phase 8. Then, the single-valuedness for the charge bulk

field requires the flux to be quantized as g = Zggﬁz with
0

integer n.

@ The bulk tuning condition g> = 2A, becomes

(1-2) =25 (5)

27 2g2

[l.Navarro(2003): Nilles et al(2003); HML(2003); Garriga, Porrati( 2004 )]
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Introduction

Flux compactifications

[Cremmer,Scherk(1976); Carroll.Guica{2003); Navarro(2003)]

@ In 6D Einstein-Maxwell theory, the bulk action is

L L 1
= 6 N S L MN
s__/d xv/ G(2R Ao — 3 FunF ) (1)
@ [ he factorizable solution is
ds® = gu(x)dx"dx” + R5(dé” + 3°%sin” 8do®). (2)
Fo, = qR33sinb. (3)

where g,,,,(x) is the maximally symmetric solution with
A= LAs—1q7). and By = (A + 24°).
@ Tuning g% = 2, with Ap > 0 is required for the 4D flatness.
@ Two equal brane tensions 77 = T, = 27(1 — 3) are located at
meooce LNE poles.[cf. This is the condition to keep y = 2] W




Introduction

@ [he gauge potential in the patch surrounding the
north(south) pole is
A, = —qR23(cos6 F 1). (4)

&

@ Under the gauge transformation in the overlapping region,
A(&) = 2gRZ 30, a bulk field with charge g transforms by a
phase 8. Then, the single-valuedness for the charge bulk

field requires the flux to be quantized as g = aggﬁz with
N 0

Integer n.
@ The bulk tuning condition g> = 2A, becomes

e fae~t 2

[I.Navarro(2003): Nilles et al(2003); HML(2003); Garriga, Porrati( 2004 )]
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Introduction

Nishino-Sezgin gauged supergravity

[Nishino.Sezgin( 1984 )]

@ 6D chiral supergravity:

“gravity” (efy. 'm, By )+ “tensor” (o, x, Byy)

@ Gauging U(1)gr: Add “vector (Apm. A) + ny = 245 neutral
“hypers’ (¢*. WV, a=1.--- 4dny.a=1.--- . 2ny).
@ The bosonic action of the 6D U(1)r gauged supergravity is

§ = /dﬁxu—G(R—%(uMo) — 2G,p(P) Dy DM b

iy 1
—g 2

1
& e MN MNP
v(®) — ;e2*FunF e’ Grp G )

where G, is the metric on Sp(1.245)/5p(245) x Sp(1) and
Fun = 20 ANy Gune = 39 Bnp) + 3FpunAp)- (0)
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Introduction

Salam-Sezgin compactification

[Salam,Sezgin(1984)]

@ For &2 = 0, the bulk potential is positive definite as
v(0) = 8g? with g being the U(1)g gauge coupling. Thus,
the 6D Minkowski space such as M, x T2 is not a solution.
@ For ®° = Byn = 0 and constant © = og, the Minkowski
solution is a unique solution with 4D maximal symmetry:

ds® = nudxdx” + Ry(d6* + sin” du?), (7)
Fou, = e—%’-"ﬁng sinf. others =0 (8)
where F\’G_z = 8gze_%‘”° and g% = 16g2.

@ Dilaton equation guarantees the bulk tuning ¢ = 16g2, which
Is consistent with the quantized flux with n = +1.

eosocd® 4D N =1 SUSY is preserved.

Page 12/70




Introduction

@ Deform the Salam-Sezgin solution with a deficit angle

2n(1 — 3):
ds® = R2(d#* + sin® 8dy?) = R3(d6? + 3°sin” 8dv?). (9)

[Burgess et al(2003)]

- The bulk tuning g = 16g~ is maintained.
- Two equal brane tensions T; = 7> = 27(1 — 3) are located at

the poles.
- Flux quantization condition 3 = |n| requires the quantized

tensions.

@ Other factorizable solutions with fluxes:

- ®? = 0. By % 0 = supersymmetric AdS; x squashed S3.
[Giiven et al(2003)]

- Bun = 0. 9? == 0 = singular supersymmetric unwarped
solutions with 4D flatness. [Paramaswaran et al(2005)] ST

Pirsa: 08010009




Introduction

[Gibbons et al(2003); Aghababaie et al(2003); Lee, Lideling(2005)]

@ Assuming the axial symmetry of extra dimensions, the general
warped solution has been found to be

ds® = Wz(r),r;m,dx”dx” + R%(r)(dr* + A\?©%(r)d#%]10)
Fon = qe 2%W e, 6 =0 +4In W, (11)
- W r f r2 r2
with R:_G'GZW' W‘l:% and fg:1+g.ﬂ :1+$.

L p ¥ W
Here A, g. o9 are constants, I 2;:2@2‘“ and rl2 = %ef"“.

@ [ wo different brane tensions are located at the conical
singularities, r = 0 and r = c:

T{j Tx ."’2
—1— X = _3F 12
4ot 47 rg ( )

Pirsa: 08010009
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Introduction

@ [he gauge potential: in the patch surrounding r = 0,

4\ /1
Aez—q(f—l—l), (13)
in the patch surrounding r = >,
4\ 1
Ag = ——. 14
o=—"% (14)
@ [ he flux quantization condition leads to the relation between
brane tensions,
To Too
o (1 = ) — 15
( 47) A . L5

@ The warped solution is marginally stable under perturbations.
[HML.Papazoglou(2006); Burgess et al(2006)]
@ T he general warped solutions without axial symmetry were
eomines TOUNA With arbitrary holomorphic function. mML Lideling(2005)]  page 160
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General warped solutions

[Gibbons et al(2003); Aghababaie et al(2003); Lee, Ludeling(2005)]
@ Assuming the axial symmetry of extra dimensions, the general
warped solution has been found to be

W2( ), dxtdx” + R2(r)(dr® + \20%(r)d62]10)

d52 —
L ==
Fmﬂ — qe_Ef;Jﬂ W 6Emn- @O = Do _|_ 4 |n W. (11)
thR=—Y 60— L W —Sadf=14+56=115
wit =60 = —fand fh=1+5.A=1+5
0 0 _ 0 1 s
Here /\. q {'__}[] are Constants_ rz — E{-ze—zf-j‘[} and r]? . %EEQ{}'

@ [wo different brane tensions are located at the conical

singularities, r = 0 and r = >

T y 2%
P13 oy (12)
»® T rD Page 16/70
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Introduction

@ [he gauge potential: in the patch surrounding r = 0,

4\ /1
Ag:—q(f—l—l), (13)
in the patch surrounding r = oo,
4\ 1
Ag = ——. 14
e (14)

@ [he flux quantization condition leads to the relation between

brane tensions,
(-2 (-5) =" 15

@ The warped solution is marginally stable under perturbations.

[HML.Papazoglou(2006); Burgess et al(2006)]
@ [ he general warped solutions without axial symmetry were
omines TOUNA With arbitrary holomorphic function. mML Lideling(2005)]1  page 1770




Introduction

General warped solutions

[Gibbons et al(2003); Aghababaie et al(2003); Lee Ludeling(2005)]
@ Assuming the axial symmetry of extra dimensions, the general

warped solution has been found to be

W2(r)nu, dxtdx” + R2(r)(dr® + \262(r)d62]10)

& —

Fom = ge 2%W S, é=do+4nW, (11)
with R= . © =gz W*=%and h=1+5.A=1+5.
Here ). q. &g are constants, rg — E}ze%‘i’” and - — %ef“’“.

@ [wo different brane tensions are located at the conical

singularities, r = 0 and r = >

T y 2=
T2 2 T Xt (12)
- : rU Page 18/70
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Introduction

@ [he gauge potential: in the patch surrounding r = 0,

4\ /1
Agz—q(f—l—l), (13)
in the patch surrounding r = oo,
4\ 1
Ag = ——. 14
ey (14)

@ T he flux quantization condition leads to the relation between

brane tensions,
(1- E) (1—T—f) = . (15)

il I

@ The warped solution is marginally stable under perturbations.
[HML.Papazoglou(2006); Burgess et al(2006)]
@ T he general warped solutions without axial symmetry were
somines TOUNA With arbitrary holomorphic function. mHML Lideling(2005)]1  page 100
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Brane world supergravity

@ The tension action for a brane located at y = 0 is given by
Lhrane = —ea6>(y) To (16)
with 7Ty being the brane tension.
@ It is not invariant under the bulk SUSY transformation as

e L 1 =
bz . — —9402(}/)1 To(Yuy"es +he) (17)

SUSY is broken explicitly at the energy scale of the brane
tension which is of order the 6D fundamental scale. This is
the case with a decoupling of brane SUSY partners.

@ In the case with explicit SUSY breaking, the SUSY breaking

scale may be suppressed by the large volume of extra

dimensions like M.%USY G % s % [See Burgess hep-th/0510123 for a review ]
6
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Introduction

@ However, SUSY can be broken spontaneously at the brane.
This requires a construction of the SUSY brane action. Brane
SUSY gives rise to a fixed coupling of the brane multiplets to
the bulk fields. In the case where the SUSY breaking scale is
lower than the compactification scale, one can compute the
soft mass parameters in the 4D effective theory.

[Falkowski.HML.Ludeling(2005 )]

@ We first consider the supersymmetrization of the brane
tension action and discuss on including the matter multiplets

on the brane.
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SUSY brane action with a brane tension

© SUSY brane action with a brane tension
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SUSY brane action with a brane tension

Bulk SUSY

@ The bulk Langrangian of Salam-Sezgin supergravity is

o 1 e?
& L — R—E(OMQF—E Grnp GNP — 1

FMN FMN—Bg e—%g

+ MNP Dy e + XTM Dy + ATM Dy A

1 y
+E(aw)(t_~Ner”\ +xMNrMyn)

1 ; £ 1
_|_ﬂe%uGMNP(I_,RF[R[—MNPFS] S + GpIMNPR,
_TREMNP, SPMNP. MNP )
1
7 264 o I USE fe 5) BT o) L UREES o) BT Y
\"4
Pirsa: 08010009 +J’R2ge_%_}(t'__Ml_Mx\ + XFMLM — ‘I/\ —|— :\\{)' Page 23/70 (18)




SUSY brane action with a brane tension

@ T[he field strength tensors are

_ _ _ 3
Fun = OmAn — InAn.  Gune = 39m Bre + 5 FiunAp)-(19)

with the Bianchi identities
_ _ 3
C}[Q FMN] —@ U[QGMNP] = EF[MNFQP]- (20)

@ For 0Ap = 9dumA under the U(1)g, the Kalb-Ramond field
Bpn transforms as Ogauge Bun = —%/‘\FMN.

@ All the spinors have the same charge normalized to +1 under
U(1)gr, so the covariant derivative of the gravitino, for
instance, is given by

4 1 .
Dminy = (Om + Ew'MABFAB — igAm)UN. (21)
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SUSY brane action with a brane tension

@ The bulk SUSY transformations (up to the trilinear fermion
terms) are
- A 1 A . 1_ _
degg — — el Y the, 90— _cxthe,
4 2
o ¥
! y e 2°¢
OBun = A[MrJAN] -£ A (CT oy — ESTntopm + STy + ll.('.).
: o By
i x = —(Omo)TMe + _—e2? Gyl ™MNF ¢,
OX 1 Omo) e + o MNP
2 1 x;
ovpm = Dpme+ ﬁe%@ GPQRFPQRFM <,
SA - —#P(ZMpe X +hoc.)
OAM — — & SHEL s LE_§
2\ 2
c 1 : =
ox = __e%“’ Frn I_MNE.‘ — IV2g e_%"' £
3 4+/2




SUSY brane action with a brane tension

@ The bulk action is invariant up to the Bianchi identities as

follows,
N 1 lt_") A S 3 S
‘-)E'imlk = 96{249~ (f) GMNP— EFMNF p)
X (ERF[RI'MNPI'S]E W I e ) h.c.)
1 ol - k.
+4 __5@%” (rﬁ')QFMN,—\l_QFMNE +h.r.)] - {22
v

@ We can modify the Bianchi identities to cancel the SUSY
variation of the brane action.
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SUSY brane action with a brane tension

Supersymmetrizing the brane tension action

[HML.Papazogiou(2007})]

@ Replace the field strength tensors with the hatted ones in the
bulk action and the SUSY transformations (but keep Ay as it

IS):

A o
G,umn _— G,umn e gDApfmnM- (23)
€2
- 32
e e EUEmnM- (24)
€2

where &g = I—; Is the localized Fayet-lliopoulos(Fl) term and

other components are unmodified. Then the modified Bianchi
identities are

~ B = R
szmn] == EF[JLLIJFH’TH]‘ (-)[,u, an] = 0. (25)

Page 27/70
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SUSY brane action with a brane tension

@ Impose the /> orbifold symmetry around the brane to project
out the half SUSY. The Z> symmetry is a discrete subgroup of
the axial symmetry.

@ Then, the /> parities for the bulk fields (A = (A.0)7 with
A= (. Ag)T, etc, a.3: 4D Lorentz, a. b: 2D Lorentz) are

ever @ Yo, Yo, MNi> XR: €1 Aas Bag: Bap, ¢,(26)

—~

odd : UaRs Wil . /\R. ‘ZL- f,t?. Aa. B,;E_;,. (27)

@ For changing & to —&g, the 4D chiralities of all /> eigenstates
are reversed.

@ We also need to modify the gauge transformation of the KR
fleld as

, 1 5(y)
J-ﬁ"-mmean = A( ——Fmm & ) 28
Ogange 5 Fmn 4 S0o—C (28)
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SUSY brane action with a brane tension

Supersymmetrizing the brane tension action

[HML.Papazoglou(2007})]

@ Replace the field strength tensors with the hatted ones in the
bulk action and the SUSY transformations (but keep Ay as it

IS):

% §2
G,umn = G,umn N &-UA,u Emnﬂ- (23)
€2
- 32
an — e — &Uf-:mnﬂ- (24)
€2

where &g = I—; is the localized Fayet-lliopoulos(Fl) term and

other components are unmodified. Then the modified Bianchi
identities are

e - | r e r

I Gr,mn] — EF[’“” anj. C)Lu an] — @ (25)
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SUSY brane action with a brane tension

@ Impose the /> orbifold symmetry around the brane to project
out the half SUSY. The Z> symmetry is a discrete subgroup of
the axial symmetry.

@ Then, the /> parities for the bulk fields (A = (A.0)T with
A= (A Ag)T, etc, a.3: 4D Lorentz, a. b: 2D Lorentz) are

— A~

even - Ul W3R, /\L- "{R’- f;_. Aﬂ. Bm_j. Bab- rf).(26)

odd - Y.p Va. Ar. %i. Ep. A Baa (27)
@ For changing & to —&g, the 4D chiralities of all /> eigenstates
are reversed.

@ We also need to modify the gauge transformation of the KR
fleld as

, 1 5(y)
Jﬂ"-mmean == A( — — & ) 28
Ogauge > Fmn + S0 Pt (28)
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€© SUSY brane solutions
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SUSY brane action with a brane tension

@ Impose the /> orbifold symmetry around the brane to project
out the half SUSY. The Z> symmetry is a discrete subgroup of

the axial symmetry.

@ Then, the /> parities for the bulk fields (A = (A.0)T with
A= (M. Ag)T, etc, a.3: 4D Lorentz, a. b: 2D Lorentz) are

even o ;‘,_-l;_. ;aR- RL. {R- ff_. Aﬂ. Bﬂ_.j;. Bab- r_*l.(26)
) (27)

o~ —

odd : Y.r, Vi, AR, XL, ER, As, Baa-

@ For changing & to —&q, the 4D chiralities of all /> eigenstates

are reversed.
@ We also need to modify the gauge transformation of the KR

field as

: 1 G
rj"‘"'l‘lgt:‘-Bmﬂ — A( —— e+ 80 (y)) (28)

=0

Page 32/70
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SUSY brane solutions

© SUSY brane solutions
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SUSY brane solutions

Modified equations and warped solutions

@ Setting the KR field and A, to zero, the Einstein equation is

1 1 .
2" gMN—r—2E'2 “(FypFn © —ggMNng)

RMN = 2g2 e
‘|_10Mf3’afoj 1+ T ; (29)

where T;,, = —é :g“ T(gﬁ(m)r)* 0% — gmn )% (v — ;) is the
brane tension contribution (with gpp} the 4D induced metric).

Furthermore, the dilaton and the gauge field equations read

L
0@ = e2?Fgq —8ge 2% . (30)
Pirsa: 08010009 {:-)M( \r;_ge%t} ﬁMN) e O ¥ (31)4/70




SUSY brane solutions

@ [he warped solutions is maintained, except the solution for
Fmn is replaced with the hatted one:

2
Eu ks S—D_ri( ) = ,\e—%'f)ﬂqexﬁ . (32)

@ [he localized Fl term affects the VEV of F,,, such that the
gauge potential becomes nonzero at r = 0 and r = ~x:

4/\ CD 4/\]- 'E"‘K,
Ag = — — | . Ag = — 4= 33
. (f]_ ) —|_27 ’ q f-]_ 21 ( )

4 g __

@ The quantization condition becomes — Bl {5 U

withneZ. = (1_%)( _%) 5 [n+§é(.¢_, —ﬁa)r

@ The bulk terms involving F,,,, remain free of the singular term.
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SUSY brane solutions

S_UsY bra ne_sol_ution;_ |

@ The warped solutions break the bulk SUSY completely: e.g.
W'f
oy —
T W
@ The football solution has a constant warp factor. In the patch

surrounding r = 0, the nontrivial fermionic SUSY
transformations are

[cos@e' @7 +sinfo” ® 1] #£O. (34)

SN = i2V2g(Pge). (35)
: ) i 2 o .880
o — lawt 11 1——) .5 (__1 _E=ml
wg [5+2{ —I—-’?( 3 } + In F ) f2r]
= 99(PL2). (36)
Then, 4D N =1 SUSY is preserved due to a constant &,
momos SALISTying both equations. AL




SUSY brane solutions

Gravitino spectrum

@ The solution of the massless left-handed 4D gravitino with

Gt (x.r.0) = E,7 (x) ™ (r)e™ is
s 2 1—t
apaetro— L g A )
s = %\(1+2m)—‘i€0
= Jme (- B S fee o)

where N,, is the normalization constant.
@ [ he solution of the massless right-handed 4D gravitino is
given by the one for the left-handed gravitino with

Pirsa: 08010009 (m Iy 'ED E}(.,) being replaced by (_m —n. _"SD'.' _Ex) Page 37/70




SUSY brane solutions

@ T he normalizability condition
/de / dr AWR?O |\ < . (38)

gives the condition for the left-handed zero mode as

s —F T -1 (39)
or
1(1 + X)+ =L PSR L (4 \rl2 B (40)
— 3 < ,—— —] .
2 27 2 rg 27

@ There exist generically multiple zero modes.

@ For the football solution, we obtain —n < m < n.
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SUSY brane solutions

Gravitino spectrum

@ The solution of the massless left-handed 4D gravitino with

HL(X r,0) =q LT)(x)rim)(r)e‘""g IS
o — Wf;Te (;) (1+:_;)1‘r (37)
s = %\(1+2m)—i€5.

where N,, is the normalization constant.
@ [ he solution of the massless right-handed 4D gravitino is
given by the one for the left-handed gravitino with
e oo (), 1, Eg, Exc ) being replaced by (—m, —n.—&os—&o0). Page 39170




SUSY brane solutions

@ T he normalizability condition
/de / dr AWR?0 |52 < o, (38)

gives the condition for the left-handed zero mode as

s>—1, s—2t< -1, (39)
or
1(1 + ) + £to <m< . 1 \'rl2 - - Ets (40)
—— ) m<n—=|1—A= ;
2 27 2 g 27

@ There exist generically multiple zero modes.

@ For the football solution, we obtain —n < m < n.
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SUSY brane solutions

@ There is the U(1)g isometry associated with the extra
dimensions:

~ . 1
Q:—J(’_}’g—|—553 Y. (41)

@ Take only one combination Q; of U(1)g and U(1)g to survive
such that @Q; = R — 2Q = —2m for the left-handed zero mode
with m winding number.

@ The left-handed zero modes with nonzero even and opposite
m or @1 charges can be paired up to make a 4D Dirac spinor
Wilm) = (fLT) —szs;LIm}*)T, so that they get decoupled by
their large Dirac masses. Each pair makes an NV = 1 massive

spin-% multiplet, together with a pair of zero modes with the
same |m| of an U(1)r charged spin-% fermion.

@ Consequently, there can be only one chiral massless mode of

the gravitino with m = 0 in the low energy spectrum.

irsa: 08010009
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@ Matter multiplets on the brane

Pirsa: 08010009 Page 42/70




Matter multiplets on the brane

The SUSY branction

[Lee.Papazoglou(to appear)]

@ Introduce an U(1)g charged brane chiral multiplet (. Q).
@ The SUSY brane action for that is obtained as

. 1 -
s ey [ez”( —(0#Q)'D,.Q + 53_*“..“Dp b+ h.t:*.)

= v‘iirge%’“ UAQ +h.e. + 4rg2\Q12 —F

e e -
+e%‘” (5‘?-1? YAk (D, Q) + Ei_'f “xB,Q + h.(‘.)]
with SUSY transformations 0 Q = %:—z oY = —%A.“.‘;‘D#Q,

D,Q = (9 — irgAu)Q. (42)
i) (43)

D,u i = (U}u — f(f’ - = l)gA# = zw-"ur_'t 3] w- i
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Matter multiplets on the brane

@ The bulk action and the SUSY transformation are modified by
replacing Gynp and Fpy with the hatted ones (keeping Aum
as it is):

- 52
G,umn = Gpmn * U,u I *'EUA,u )Emn%- (44)
A 2(y)
Cne — G 2 Jrpors (45)
- 52
an i an T (rg\Q|2 e EG)Emn& (46)
€2
with
, | . -
Ju = EJ[Q D,[IQ_(D‘U,Q) Q—FEL"}FL'}. (47)
irsa: 08010009 jrpg b B % I--. H: TIOJ {i_ | ' ( 4P;989 4)4/70




Matter multiplets on the brane

@ [he modified Bianchi identities are given by

- i 5%(y
U[;i Gsxmn] =5 EF[J{LIJan] + §(D[’J Q) ( ;;]Q)('mn - (49)
by = grgdﬂ\Q\ZanL. (50)

@ The SUSY and gauge transformations of the KR field have an
additional term as

L. 5%(y)

ijm” — _ff Qan _|_ 11.{:'.. (51)
52
" ) 0
Ogange Bon = A%(;Dfmnﬁ- (52)
€2
Pirsa: 08010009 Page 45/70




Matter multiplets on the brane

_T_hg SUSY b_rgm_-:-_ actipn_

[Lee.Papazoglou(to appear])]

@ Introduce an U(1l)g charged brane chiral multiplet (¢'. Q).
@ The SUSY brane action for that is obtained as

¥ . 1 -
.. — & [ez”( — (D’HQ)' D‘uQ = = 53_"‘}"“ D,u e h.['.)

= v’iirge%"”f/\(? +he + 4rg2\ sz _F

W 4 L= . =
+e (5‘-’-1:“. (D Q) + U X DuQ + h.c.)]
with SUSY transformations 0 Q = %’z o = —%“.‘UEDJUQ,
D,Q = (9. — irgA,)q, (42)
. , 1
By — (O, —ilr+1)eA,. — Eu;_,-'ﬁ“:t._:;". o 5):;. (43)/
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Matter multiplets on the brane

@ [ he modified Bianchi identities are given by

e S BpE 52(y)
d[,uGrfmn] = EF[;IIJan]+§(D[,LLQ)( PIQ)F-'T-'-’T . (49)
s E 6% (y

OpFny = 380 QP 2 (50)

@ The SUSY and gauge transformations of the KR field have an
additional term as

ﬂ | S 52

oB,,, = —u 0 Ernn () + h.c.. (51)
n ) {_)‘2 Yy
Ogauge B — Af;ﬂ €mn % - ( 52)




Matter multiplets on the brane

Scale invariance of the brane action

@ T[he bulk equations of motion have the scaling invariance
under the following transformations:

gun — Qgun. o — o +2In€). Buyn — Bun. Aum — Am.

@ From the bosonic part of the SUSY brane action
€= e4f52(y)( — e2?(D*Q) (D, Q) + 4rg?| Q% — T). (53)

we find that the scaling invariance is unbroken by the SUSY
brane action for Q@ — Q.

@ In order to stabilize the bulk modulus, a bulk non-perturbative
correction IS NECessary. [Aghababaie et al(2002); Falkowski, HML Liideling(2005)]
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Conclusion

Conclusion

@ We constructed the SUSY brane action for a codimension-two
brane with nonzero tension in 6D gauged supergravity.

@ The modification of the bulk action and the SUSY
transformation is necessary, particularly, the field strength
tensors are modified by the localized terms proportional to the
brane tension.

@ The football solution preserves 4D A" = 1 SUSY due to the
cancellation between the spin and gauge connections.

@ The nonzero Fl term affects the spectrum of any U(1)g
charged bulk field. We showed that there can be only one
massless mode of gravitino for the football solution.
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@ We derived the SUSY brane action for an U(1)g charged

Pirsa: 08010009

Conclusion

brane chiral multiplet. The brane chiral multiplet has a
nontrivial coupling to the dilaton such that the scaling
Invariance remains.

The brane vector multiplet can be also introduced along the
same line in the ungauged supergravity. [Faikowski HML Liideling (2005)]

The analysis on the 4D effective supergravity for the modulus

stabilization and the SUSY breaking is in progress.

[HML.Papazoglou(to appear)]
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Conclusion

Example: Heterotic M-theory

[Horava, Witten(1996)]

@ In heterotic M-theory, the 11D supergravity multiplet is
composed of e/". ¢y and (yyk, and an Eg super Yang-Mills is
localized on each boundary of Myg x St/2>.

@ In the SUSY brane action for the Eg Yang-Mills, a Noether
term must be added as

1 Y 2 ] -
C = —— | & y/gtr{ —FagF*® + D)
YM gQ/ Xwgfl(ﬁl AB +2 A )
1 _
—}—13_ ‘AFBC |_A FBCf\) : (54)

@ A similar modification has been observed for the SUSY brane
action in 5D and 6D ungauged supergravities on orbifolds.
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Conclusion

@ The modified field strength and Bianchi identity are

A : H2 -
Guasc = 4911Cagc) + —=—0(x " )wsep, (55)
V2g?
A Hz =
dGiiaBcD = —3x,/§Eo(x“)F[f‘43 o) (56)
@ Modifications of gauge and SUSY transformations are
necessary:
. = oo
").:;u.ugf:cllAB = 6&5@'2{)()( )H‘(AFAB)- (57)
5C & S(x1)tr(AsZT g\ — AgaT4)).  (58)
C — — X I = ” e s\ ).
i 11AB 12\,/2g'2 A=l B B=1 A




Conclusion

Example: Heterotic M-theory

[Horava, Witten(1996)]

@ In heterotic M-theory, the 11D supergravity multiplet is
composed of e/. ¢y and (yyk, and an Eg super Yang-Mills is
localized on each boundary of Myg x St/2>.

@ In the SUSY brane action for the Eg Yang-Mills, a Noether
term must be added as

1 S 2 ] -
C — —— §F "% fEirl —FagF™® D)
YM gQ‘/ X\,gl(4 AB +2 A)
—|—EJ_‘A|_BC |_A FBCf\) . (54)

@ A similar modification has been observed for the SUSY brane
action in 5D and 6D ungauged supergravities on orbifolds.
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Conclusion

@ The modified field strength and Bianchi identity are

2

r = ) =
Gi11ABCc = 4@[11 CABC] i 2O(Xll)w'BCD- (55)
Vg
- /_H2 st AENES a3
dGiiaBecp = —3v 2g20(>< )FasFcpy- (56)
@ Modifications of gauge and SUSY transformations are
necessary:
” on i
‘)ga-l.ugecllAB = 6&-’5@'2{)()( )KL(AFAB)' (57)
5C 3 S(x 1 )er(AasT g\ — AgT a)).  (58)
i = — O(x " )r(AazZl g\ — AgZT 4N).
. 11AB 12\,*‘@3’2 A=l B B=1 A




Conclusion

Example: Heterotic M-theory

[Horava, Witten(1996)]

@ In heterotic M-theory, the 11D supergravity multiplet is
composed of /", ¢y and (i, and an Eg super Yang-Mills is

localized on each boundary of Myg x St/ 2.

@ In the SUSY brane action for the Eg Yang-Mills, a Noether
term must be added as

1 ny- o
L = —— [ d¥®% . /gtr( =FagFAB + A" D)\
YM ggi/ X\,gfl(4 AB +2 A )
| .
+ Al oA FBC,\) | (54)

@ A similar modification has been observed for the SUSY brane
action in 5D and 6D ungauged supergravities on orbifolds.
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Matter multiplets on the brane

]

WA = | o=
+e%’-‘" (Ef-ﬁ“ Yy (D, Q) + 53_“‘_ “xD,Q + h.(‘.)]
with SUSY transformations 0 Q = %’z oY = —%“.‘UEDJUQ,
D,Q = (9. — irgA,)Q, (42)
) 1 f
Dy — (G.—ir+1)gA,.— 2 <nad’ 23 (43)/
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Matter multiplets on the brane

The SUSY brane actlon

[Lee.Papazoglou(to appear])]

@ Introduce an U(1l)g charged brane chiral multiplet (¢'. Q).
@ The SUSY brane action for that is obtained as

Lhrane — E‘4|: 2 ( (DHQ) D Q‘FEE'A‘HD () —f—h'i_)

— v’ﬁr‘rge%”” UAQ + h.c. + 4rg2\Qg'2 —

= M =
+e%'5’ (Ef-ﬁ“ Yyt (D, Q) + Es_“ﬁ.”\Dﬁ Q + h.(‘.)]
with SUSY transformations 0 Q = %:“ o = —%“.‘UEDJUQ,
D,Q = (9, — irgA,)Q. (42)
._ , 1
D = (Gu—ir+ 1A, — 7na By, (43)/
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Matter multiplets on the brane

@ T[he bulk action and the SUSY transformation are modified by
replacing Gynp and Fpy with the hatted ones (keeping Aum
as it is):

A . 52

G,umn = Gpmn & (_f,u ¥ *'EUA,u )Emn%- (44)
A r)2(y')

G'rpo' = G*prr 5 = j'—p.—r (45)

52
Fon = Fom+ (BIQP — So)emn 2 (46)
2
with
. L.[ A
B = E;[c.r;:),uca —(D,Q)Q +_f_ . } (47)
. I -
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Conclusion

@ The modified field strength and Bianchi identity are

A - H2 =
Gi11ABC = 4(:')[11(:,486‘] i G {j(Xll)w'B(:D. (55)
V2g2
;. Hz Ny a a
dGiiaBcD = —3%-"5Ef-’(X11)F[AB D] (56)
@ Modifications of gauge and SUSY transformations are
necessary:
-~ h-2 - 11
G e Crial — 6\/§g20(x Jtr(AFag). (57)
5C - S(x1)tr(AsZT g\ — AgaT 4)).  (58)
¢ — O(x " Wr(AazZl g\ — ABZT 4N).
] 11AB 12‘&;@3_2 A=l B B-1 A




Conclusion

The singular terms in the linearized action

@ The singular term in G, m, remains uncancelled as

. ,. 1
G‘umn == C)JL,,an o 21)[,”8”]‘& =l EanA = F;[mA ]

Py — i)
€2

_tEfA,ufmn

@ From the equation for the KR field,
om(v/—ge? GMNPY — o, (59)
for the football solution, we get the solution

Gan— Coan, 0C,.—0 (60)
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Conclusion

@ Redefining the KR field as B™ , = —™9,W,, and
Bmn = b(X)€mp, for 9,A, = 0, we get the equation
> e B 1 *(y — yi)
02w, = Dubte ﬁﬂAp—q{—EZg,-AH o (61)

;
@ Since the 2D volume integral of the left-hand side vanishes for
extra dimensions with no boundary, we determine C, as
Argrg 5 N
. T R
The last term vanishes for Tg = T .

@ The singular terms in Gﬁmn disappear after integrating out the

4D vector modes of the KR field.
@ The axion b= %anf””” is the Goldstone boson eaten up by
A, by a Green-Schwarz mechanism.

C.—a.bt
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Conclusion

The singular terms in the linearized action

@ The singular term in G,mn remains uncancelled as

Gumn = OuBmn+ 201 Boy + F oy Mk FL[mA]

0 (}’ —¥;)

_{,',-iApfmn

@ From the equation for the KR field,
Im(v—ge’c""") =0, (59)
for the football solution, we get the solution

G — Gty Ot —0 (60)
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Conclusion

@ Redefining the KR field as B™ , = —™"9,W,, and
Brun = b(x)emn, for 0,,A, = 0, we get the equation

D‘iz)wﬂ:aﬁb+ge—%=m,4p_c“_% A, (ye Yi) (61)
: 2

@ Since the 2D volume integral of the left-hand side vanishes for
extra dimensions with no boundary, we determine C, as
AT qrg oo 1

; Au— (60— &)Aw  (62)

The last term vanishes for Tg = T .
@ The singular terms in G;,mn disappear after integrating out the
4D vector modes of the KR field.
@ The axion b= %anf””” is the Goldstone boson eaten up by
A, by a Green-Schwarz mechanism.

C.—0,b+
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Conclusion

The singular terms in the linearized action

@ The singular term in G, m, remains uncancelled as

> ’ . 1 1
Gﬁmn —— C')#an = 2O[m8n]p¢ = = EanA'u = = E “[mAn]

Py — i)
€2

_‘EIA,LLEmn

@ From the equation for the KR field,
f-)M( v_..._—gef;r@MNP) ) (59)
for the football solution, we get the solution

Ghnn— Gty O, —0 (60)
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Conclusion

@ Redefining the KR field as B™ , = —™9,W,, and
Bmn = b(X)€mp, for 9,A, = 0, we get the equation
e 1 *(y — yi)
0w, = Iubtoe 20, —Ci—5 ) GA, - - (6]

I

@ Since the 2D volume integral of the left-hand side vanishes for
extra dimensions with no boundary, we determine C, as

L | :
A, - E)A.  (6)

AT qrg
2

The last term vanishes for Tg = T .

@ The singular terms in Gfmn disappear after integrating out the

4D vector modes of the KR field.
@ The axion b= %anf”’” is the Goldstone boson eaten up by
A, by a Green-Schwarz mechanism.

C.—ad.,b}
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Conclusion

Example: Heterotic M-theory

[Horava, Witten(1996)]

@ In heterotic M-theory, the 11D supergravity multiplet is
composed of e/”. ¢y and (yyk, and an Eg super Yang-Mills is
localized on each boundary of Myg x St/2>.

@ In the SUSY brane action for the Eg Yang-Mills, a Noether
term must be added as

1 21 A
L = — §F & /ol —EagE™® + D)
YM gQ‘/ X\,gl(4 AB +2 A)
|
+50ar oA FBC,\) | (54)

@ A similar modification has been observed for the SUSY brane
action in 5D and 6D ungauged supergravities on orbifolds.
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Matter multiplets on the brane

@ The bulk action and the SUSY transformation are modified by
replacing Gynp and Fpy with the hatted ones (keeping Aum
as it is):

A : : 52
G — Gt ggAp)Emn%. (44)
" f_:i2 Y.
Grpe = Grpo+ ( )ercr- (45)
€2
- &2
Fae = Faut (EIQP — )oY (48]
2
with
: s . i-
o = 5i|@0.Q—(D.QQ+Pnw|.  (47)
. I -
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Conclusion

Example: Heterotic M-theory

[Horava, Witten(1996)]

@ In heterotic M-theory, the 11D supergravity multiplet is
composed of e/. ¢y and (yyk, and an Eg super Yang-Mills is
localized on each boundary of Myg x St/2>.

@ In the SUSY brane action for the Eg Yang-Mills, a Noether
term must be added as

1 5,1
Lym = —— [ d¥x/gtr(=FagF?*® +-AMDaA
YM gz,/ Xmgl(‘i AB +2 A)
|
+4 VAl oA FBC,\) | (54)

@ A similar modification has been observed for the SUSY brane
action in 5D and 6D ungauged supergravities on orbifolds.
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Conclusion

@ The modified field strength and Bianchi identity are

A : H2 =
Gll,qgc —: 4@[11 CABC] B — fj(Xll)w‘BCD. (55)
V282
;. —H2 ~ a a
@ Modifications of gauge and SUSY transformations are
necessary:
—~ ||"1.2 - 11
OageC1188 — 6vf§g2{)(x )tr(AFaB). (57)
5C d S(x)tr(AsZT g\ — AgaT 4)).  (58)
¢ = — ——O(x )tr(AaZl g\ — AgZT 4 M).
i 11AB 12‘/23'2 A=1 B B-=1 A




Matter multiplets on the brane

@ The bulk action and the SUSY transformation are modified by
replacing Gynp and Fpy with the hatted ones (keeping Aum
as it is):

2
G,umn — Gpmn * U,u 5 *EUA,L;)EmnM- (44)
: 2(y)
Gﬂgg = G'rprj' o = Jrpo - (45)
52
an 3 an + (fg\Q|2 § )'Lmnjef—y) (46)
2
with
. Iy
B = 5:[@ D.Q—(D.Q)'Q+ = f_-—~ - } (47)
. 1 -
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