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Why study IIB backgrounds with
(3-form) flux?

New A" = 1 SUSY vacua in 4d with striking
advantages over pert het constructions:

Perturbative Heterotic Theory

Dilaton- 1x|on cpx str and Kahler moduli un-

ecturbabively

fixed,.Need to invent mechanism for masses,
N ot face nctum-ilull’ intractable effects Frem ws m,ha"vnl and

Only description of non-pert phenomena  weagped
(like \SB,

NG5 Granes,

(AA)) is effective field theory.

IIB Flux Backgrounds

Lift dilaton-axion, all cpx str and some Kahler
moduli. (Mirror flux — remaining Kahler?)
Holography—geometrical dual descriptions
of nonperturbative field theory effects.

KS: R(S3) & (AN)

GKP:

(Related to Randall-Sundrum and its stringy
embedding by H. Verlinde).

Wpert — ¢~ K/K" nierarchy.

Why study IIB on the 7°/Z5 orientifold?

TG/ZQ is:

e the simplest 4-dimensional IIB background
admiting flux

e highly computable.

Previous results were:

e for CY orientifolds or F-theory

e soluble only in an approximate analysis
near conifold points.

Here:

e can compute superpotential and D-flatness
conditions explicitly and globally on the
moduli space.
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Ingredients of IIB Backgrounds with Flux
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The T°/Z5 Orientifold

TS: isai4l, yi2y41, i=1,23,

modulo
Z5: QR(-1)fr,

where
Q: X(o,t) = X(-o.t),

R: (dy') = (-2',—¢'),
(-1)fL: -1 on L Ramond states.

Points to note:

o 7%/75 «+ Typel, via T-duality on 7°,

e 16 D9sin Typel«s 16 D3sin 1°/Z,,

¢ 1 O3 planes at 2° fixed points of the 75,

e low-energy theory is N = 4 SO(32) SYM
coupled to N’ = 4 supergravity.
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Tadpole Cancellation

The EOM/Bianchi Identity for Iy implies a
tadpole cancellation condition:

1 1
Np3 + W/TG H(s) A Fz) = 7 Nos.

( + ;-!‘.l'x " for
The standard vacuum has:

F - theoey )
Np3 = 16,
No3 = 64,
H=F=0.

But, there are other possibilities:

we can trade off D3s for quantized H and F
to make new vacua.

Massless Fields of IIB on 7°/Z5

The massless bosonic fields of 10d IIB sugra

are.
gMN’BMNs(z)’ C(O)‘ C(z),C(4)

These fields tranform as:

Q (-1)fL Q (-1)fL
amun + + C(O) - -
Buyn - 3 Cay =+ -

¢ oy g Cay - -

Bosonic fields that survive the orientifold
projection are:

graviton: guu (1)
scalars:  gap @ C0ys Cabed  (214141+15=38)
vectors:  Bayu, Cau (646=12)

Also, H,,. and F,,. are:
e discrete: H,F in (27)2a' H3(T®., Z)
e non-dynamical: B,,, C,, projected out
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4D Multiplets

These fields are organized into N’ = 4 sugra
multiplets as:

1 gravity mult g, 6 Ay, C(g) + £, ferms,
6 vector mults A, 6 scalars, ferms.

Each D3 gives an additional vector mult.

The Fluxes:

e generate a potential for scalars
e correspond to charges under U(1)2.

- o SUSY higgs mechanism,

e N=4 N <4
Ferraca et al.

Scalar Potential

(11(3) = ['1 ;Il. W= (r(n) + ’..'f"lw-

1 . ('1 ’,f\.‘ *6(-"
C y L1 = - % /¢16f ———
10d 1B 1 oy Ve

Define:

ISD _ 4.;:~ISD
G = GISO 4 GIASD ol

+6GIASD — _GIASD

Then

L] x z'fGAE;'+2/G’ASDA*GGlA§D.

~ -

topological Vscalar

S0,

cha|ar =060 ISD
Here:

(; depends on g,
'SP ys. GIASD depends on metric,
Y > 0 from no-scale structure:

Va 2. IDWR-3w)2 = ), |D;W]?

.

fields f f#Kahler

scale of Vis a'/R3 < my . ms (R large).
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Supersymmetry

To preserve N’ > 1 SUSY, need
AA' =0, ", =0 (for at least one ).

This implies

e G(3 of type (2.1)
e G(3) primitive (JAG = 0).

(These conditions = ISD= Vgca1ar = 0).

(Grafa-Polchinski)

CY case: primitivity trivial, (2,1) imposed by

W= /GAQ. (Beckers, GVW, GKP)
For torus, 4 non-primitive 3-forms:

JAad:z, JAdZ,

=123,

so, have D-terms as well.

Can study the structure of these D-terms,
but we'll just impose primitivity by hand.

An Example

Fluxes:

i 4 - 1 .. 3 1 2 3
_T_(Q'n') ",f' = 4dz* Ndx* ANdy> + 4dy” Ndy“ Ady”,

1

—-———(2#)2“,1[1 = 4dz! A dx? Adz3 + 4dyt Ady? Ada3.

Complex Structure:

dz' = dz' 4 1*;dy’, r'; = “period matrix,"

Q = d2! Adz? Ad23.
Kahler form:

o Jp,j{f:' Adzl,

Superpotential: / G =F-pH

1 1
(27)2a’ i (27)2a/ ]GA L

= —4([(cof ‘r)33 -+ 1] -+ w[det'r -+ 733]).
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EOM:
Dp;W =0 W=0
D,W =0 No=Schie W =0
D, W=0 0, W=0
Find r'; diagonal, and
pT33+1=0
rlir?s41=0

So, Mcpx param’'d by ¢, 711. Plugging back,
G =1iA(gp. "'11)(“"il AdZ2 Adz3 +dz Ad2? ’:u".%,)A

This is:
, JaG=0,
e (2,1) as required, ) : -
e primitive, for / T=pijdt'aded
P13 = P53 = P13 + po7 = 0 (6d space),
e but non-generic:
3 an inequivalent complex str. s.t.
G still (2,1) and primitive: 212 — 1.2
= N = 2 susy.
(3 ineq. cpx str's = N = 3 (Frey-Polchinski)).

Generalities

Complex Structure Moduli:
W= g,W = HT,,H' =0 for SUSY
(11 cpx egs in 10 unknowns y, 7';).
So, SUSY soln exists only when eqs are
redundant (non-generic flux).

e 1 redundancy = unique soln, V' = 1,
e more = unfixed cpx moduli, N > 1.

Kahler Moduli:

J e H1 hll =9,
JAGEH32 2132 =6, 9—-6=3.

So, generically J A G = 0 for a 3d space of
Kahler moduli.

Counting holds up in N/ = 1 case, but fails
for N > 1. (J A G doesn't fill out all of H32).

Summary: Generic SUSY caseis N = 1, all
cpx moduli lifted, 6 of 9 Kdahler moduli lifted.
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The Mirror and T-dual Theories

Whr shtdr the mireor ?

Peemetivation :

Grenerically , Fluxes Lt all cpx ste , but net
all Kahler meduli.

Micrer S)Immd'ry: Kihler < cpx str,

So, ‘br)v to Vi€t Kahler meduli with dual Llux.

SYE: Miceor 974m.¢{'r7 = T—Julﬂ-y on T2 £ders.

T-‘Ml”" t NS=-flux € Jlomctrr "
= New 1¢ome+f}‘ca' terms ia WII'B ?

No. Geometrical “twists” in T‘/I‘ are

incompatible with the I'G orientifeld Pijtctfoq.

Neo m.‘u-'n, terms in SUPN'pot‘Cntl'a’.
Post motivation :

New 505"( couratc'kn'r-’cuf;‘oac on

nen - Kahler , non - Calabi - Yau ’Co-nctﬂ'cs .

[ See also Da;,upi'. - Rq.jcih -Seth/

K. Becker - 5059upfa )

The Twist ed T2

Lo - dualit TA
Flat T3 b Y Tuisted T3
HNS # 0 HN’ -

Moce exp‘ icu'tly ’

TB: Consider a T2 in the xye directions
with HY = Ndxadyade,

ds® = dxt+ dy’+dzz, B”s: de)mdz.
Now T-duelize in the 2-dicection.
Buscher cules =

TA: Twisted T>
N

L 8 e 2 S
. ds” = dxrdy’+ (dz+Nrdy), 3“: :B"’= =
. q"'- dx, 1]"‘- Jy, 'r,u'-:. de + Nxdy are
3\obcl|y well-defined one - forms,

» So, y¥y+l, B 24 of Fixed x, but
qm = de+ Nxdy = ll("”y)*”‘**l)")'

= uye) 2 (xe,y,2-Ny) .
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The Dual of NS Flux is SPn'n-Canncr,h'on
( or KK MIJnCtI‘C— F-'hur.)

Frem T® to SUSY Vacua

dst = dx’s alyt-r- (de+ Nxdy )‘l i5

® a T bundle over g'
(“aw” = derTdy | TIX)=Nxet),

@ on S' [ ulr) pto’ncipal) bundle ever T :

ds = Gmy ds"ax" + (do+ A‘:.’dx"): X" = x,y,
(2)
A =pl) ek qouge Field for 2-translations,

F'“)‘ dA®) Ndxady.

R a
From e.Pm-connect.'On w(,) b, Can ‘FOrm
k)

Wis) = Wuyab 4’77“’A '7‘
Find thaet

[ T-dlnl:'k
H:); = Nd!ndyddi 4 > Wisy = NdKAAVAd! .
(re) lxA)
General cule:
(k)
Wey) SI‘E&"_“ " F (e Ak « Wis) buk,rtun‘ ;

’coml l"
r.e. ) MS (Wl'nd;ﬂj) ‘C’ﬂx -y w(‘) (KK ”ux ) .

Gtart with IT@ on T"/E;
+ Nz SUSY £flux .

Choose gauge with - g indep of iny x?.
Buscher cules =

(a) (b

TA: de'= geom iy, .
17“" e dx*+ ¥Yp. x®dx’, x"e¢ fx',y"f.
[Yb‘c # (o) oﬂ’r COI‘ as ‘i, b.c * 9)-

guPcrpoi‘enfr'a[ 2
NS
Hija (X8) = wisyija (1ra)

So, SHAR cW g = S(H-u»,;)nn € Wiy -
RR- fluxes ¢ BWINK we'l\ 5c.t there.

N.B. Can't introduce twist in II'B s:'nc‘e
dx® and x%dx® have OPPOfoQ quf'/v.

+8 A
2, AN R, = 2Z:0Rs

o3 — o4 wrafaptd on kq .




Dr. Michael Schulz, Caltech (KITP-UCSB Theory Seminars 11-07-02) New SUSY String Compactifications from Twisted Tori

Twisted Toerl ao
Ccheeck -~ Schware Compad:if.'c-tims

Geherk - Schwace relresher
Tn standacd cempactifications,
P (xr,x¥) = g'(xf') ;
Scherk and Schware 4]¢neu|a'ud this to
¢ (xmx') = U‘,(x‘)&’(xn) ,

Here, U'plx") = map From the internal
manifeld te a §roup G of Grﬂ'opﬂ‘et¢ dim,

U'ptx;) bl'nﬂlc-\faluld on’y up te an
elenment of the “D’duall"by" ?rOnP.

S:Mr.!'tﬁt tose: Compacktify on 5'. G=00r).
Manodi‘omy = axion shi'ft.
(fluxes...).

T§ an|7 metric meduli ace invelved ,
ds*= T %07, with

d”'lm - ”;'If_.;: 1{(,’:47“() _

L He S";k acre oter consts. of the 55 S““P G.

Page 10
Scherk- Schwace G Soc Twisted T3
Here , ds*= zq”'@n“‘: -r]"’ = dx
] .qlt) - dy
n“’ = d2 + Nxdy,
Se, 1Y () (=)
dn " = Nm A7 [T, RI=-NT;
dnli)=0 $ r-l_',-'_’]___o
dn* =0 [T, 1=0

CorrcsPondinj Ccherk - Schwar 2 3~uP is the
3D Hea‘scnberj group :

| y ";T,Z-
Slx,y,%) =lo I X
Ve |

(4

) W m:trfx mult .

The twisted T2 is Just &(R)/G(2) !

This gives the same ident, Eiontions deduced eovnlien .
The -7':’ in de™ are the ot-inv one-Corms of G .
More math facts :

I's"nc‘bry ar-nr 's Commutant of GLZ) in GLR) .
= U of 2-tranglations .

a
T (bwisted T2) = G(2), H'(2)=Z xEn

2D twe directions w. conserved m'nd.'-.j
( + one censenved med N).
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Gcherk - Schwarz for Twisted T2 (gn{:.‘nucd)

Can alse ,ct maeth Focts Frem Phyﬂ'cal

arquments :
Before ‘T'-o\ualc'fy 1

- T2 with theee windfn, dihuﬁ:‘lm‘, His =N.
* No Eomctl‘r. Tsometry in the V direction
15 broken by WS instantens with

Sl v;H.'jk axIndx® # 0
z
(bu{‘, mementum still conserved mad M) i

T- du!ll"!:y : :‘somctry ey windl'ng .
After T- Jua“ty :

* One isomttry.
(+ one dicection w. tonserved lw'ndt'n} med N ) .
Since Hizz = ©, ne additional brnko'ng oF
iSometry.

¢ Twisted T>with twe winding dicections, Hizs = O.

Mulbiplc, T- dualities

Can iterete and peclorm several T-duslities,
but there is a caveal.

I£ Hijk #O for some ijik, then T-dualc‘m'n) in twe
of the f\,'k directions ‘#nn-gconcfm'ca) umpod:.‘@-‘toﬁcn_

( 55 menedremies mix metric modulk with sther m-duh‘) ;

Helle rman - Me Goctvy- Willianeg
Dabholkar - Hull

T?: ds’ = dx’vdy*sde’, B = Nydyade "
e 1
T"f yed Fibration over S"x’ with v
Lcc-,lox.'crcd) Kahler modulus e - aw'a” cpx ste T

on fiben, (Ol2,2;%)~ Stle)p x SL(2)z ).
SssS mnodramr 'S in U(')P-Am’on < SL(Z)( -

T"dﬂlli‘by in 2-dicection —

Ast» Aty dyte (do s Nxdy )‘, B=o, (t- Nuw’).
s Moaﬂmy is in Ul_')-c-...‘on & SLLZ)';
Additional T-duality in y—d:rce.‘b'on —p
N.
ds* = ae e ldy’rds?), B = yw e dyade .
55 menodromy g in $Ll_2)f bul net in U(')r-cl;on A

te= - 1/6)..-.-,.-...; r*)e.
We'll stick o 9eometrical compactifications .
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An Hon&‘:t ){' - E‘amﬂl—

Earlier, we discussed the XN'= 2 vacuum with

Etm_'-"«'l Fio = 2ax'adxady® + 2dy'ady®a oy’
El'i?'{ﬁ"]”u: T 2de'adx*adx®+ z‘,h\dy'ady3
for T on T*/22 with L4 O3-plnes and ne D3-branes.

We will new consider the dual theories celated
by one, twe, and three T-duealities.

( Thicd case is of interest as a simple version of
S¢2: LY Mirror Symmetey = T-duality of T3 fiders).

Vahd;‘ty of Su?ra A.Pproxn'mah'on :

F'-Ound ¢ T; = ',

(+ some Kibler meduli i ).
T

For simplicity, cestrict te @,T: im¢9ina¢7 and
piy diogonal. Then

s’ = F:.' ( Rgizdx; & I?y-‘zdriz),

g il iﬁr:/R;-', P-'f s iRK:Rr.g ¢= l./"“"
'I"'-Jul.‘l-r takes one K "‘7(2')"'"/3 ) §s gp/ﬁ'.

In cach dual deseeiption , cen sabis€y consteaints
with llr,e cadii and $moll s‘l:m‘n, cnupl,'n, .

Mg E-lumpk (P. 2 of 3)

Havimj shewn thet we can satisty the (5vsy¥) constraints
in the l"l,u'on of moduli spoce where Suqra s valid )

new set "Ry = qy; =R U.e, TizPsi) ber simplicity ,
and cheose the 9gange

B“l‘3 = -21\“’ Bra‘) ) -2,'_

T-Aualizing in the order X', Y y" avords
the caveat mentioned eacrlien.

One T-duality (%x') : ICA Pual
‘ . .
Z Ri (dxi +oyi?),

"‘-.'
( Non-Kihler : h'=5)

ds' = f’;"s (dx'-?t'a‘x’)‘* R.'dyl' =
H= 2dy'ady A dx?, Byixs = -2y,
Flay = de"Ady', Fiy)= 2(&!'—21‘&!"!\dr'ddy’ndy’,
04 planes wrapped on x'-dicection.

Two T-dualities (x'y!'): TB Dual

4
ds' = "%’T(Jx'-n’dx')z-r ;""'.( Jy'-l,‘dx’) +Z ’Ri‘( dxi id,;’),

ic2,
Fusy = 2(dy'-2y™x3)Adx3adx?
+2(dx'- 2¢*dx?)Ady*ady?

B=o0,

05 Plane’ m'apped on x'y'-dc'nctfons.




Dr. Michael Schulz, Caltech (KITP-UCSB Theory Seminars 11-07-02) New SUSY String Compactifications from Twisted Tori

N=2 Example Lp.?aF 3)

Theee T-dualities (x'y'y3): 1A *Mirrer”
ds® = 'é"t(dx'-z::'olx’)'*' 'k.;(aly'-ly'dt’)z
L 4
+ R;‘d!“ e RI‘O‘Y' ? R;tdx’t"’ #;! dy?,
B=o0, Fiey = 2“7‘-27'#’)/\&:’
+ 2(dx'-2x%dx*)ady®,

(o] 7 pluu’ wrapped on t'y'y’- directions .

The “mirror” metric is not Calabi- Kan .
Data is encoeded in menedromies *

T $x'x®? undu,oes an 5L(2,Z) menodromy around xZ,
T fy'x’3 undergoes an 5L(2, Z) menodremy areund yt.

Also Pgﬁabk to dgncibe the tw;’tfng via
SL(3,2) mensdromy ob T3 5,(:7173; as

one move$ around base X"x’y" .

Would be interesting to find nen- CY mirrers of
wmeofre ajmcm‘c CY orrentifoldrs with Flux .
PcrthS theie “non-Calabi-Yau ness” will alse

be encoded in the SLI3,2) monodromies of
the qppropn‘nte T3 Libeo.

Page 13

M-Theory Lift:
Connection to CV3¥S' and G2 COmractn'ficatl'ons

v w. he( {:(‘om

The ITA mirror was of the foem ( P, gerjfunof and
N. w"‘ﬂ »
M, = T3 Libeation over Ts\ )

Fizy = dAwy ) with Aw 1n base dicections ,
Ob planes wrapped on Fibre T?,
8 meduti [ 2 cpx str + b Kahler in IB) ’

The H'ﬂncry \VEE s Pucly stouutr.'cal
cince the only flux is Frzy) (11D KK flux ) .

Fle), Ay —> twisting of M-theory S'over bose T3|
o6 Plnnes‘_T} Akt"-h -Hitchin oces ip the
~ Aicections of S' and base T 2.

This is a Smocth FD menifold that presecves
4D M=2 svsY (,V,KS'(IIF#J.‘uutC Fdlutf‘feah'o.s).

We 3\\5‘\: chose an unusual S' (fibee) for A = Mon s'

246 = @ wmeduli = Which CY5 ?

For N'21, there % a similar story when onl
Fie) # 0. Tn this case the D monifold /s a G5 .
G-cncm‘uﬂ), , we have O0+#3 = 3 medul.
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SIIP&!'SYMmcth

SUSY in the T-dual descriptions Follows ou*omah‘u"y
Grom thet of the om"iul Ire T76/2, orientifold
with SUSy £lux . T¢ sugra valid @ Sus¥ alse in sugra.

But, weuld like to formulote $USY cenditions in dual
theory, wlo ceference to or-'gu’nul B8 orientifold.

One -r-dua“t'y (Xq- dirt&tl'or))
Cow SHA.ﬂ- [ = w‘g -t S(H'U(;))An c Wu-‘
(wn) term T'vcs vgc.a.,.. ~ S'd‘xJ—g; R ) .

Also, RR fluxes :

Fis)ijk —> Fmigee

Fts) ij1 —» Floiy

Find _SF(‘;)A_Q. € Wrga —-bf( 1gFe) + J“dx‘i\ FlayAn
< Wira .

( Note : Usual A superpst. = SF(V) S F(:)"T“T)-

?u'ttl'na it all fc,lﬂalf, WrA 4otal "—;’S GEA AL )
with Crg'g linear in Fu:),Ftu. H(;,, and W(3) -

N2l SUSY £ Gga (2:1) and primitive.
( Can obtain same result £rom XA spinor c"dn'h'cos).

But, celative to which complex structuce 7
We've been vague about £

Complex Steructure

( Work in  pregress ).

The c,omplc.x shrncture relative te which the
505Y conditions abeve hold is a ngm'qtegrnul
almost complex strwcture , »

T = Er"r‘s'é',

A

where € = Cl.-riﬁn (€cn =10D M‘i"""‘)

and gg = fr , 2’._ s (J"’g‘-“r'un)f.l. .

(* An almesC complex structure T acts as
Td2 = I’d?, Tde- c -id¥ on |ocal bo’omarpjl,'c_
coordinates ) .

his almest complex structure is natural £rom
a I8 perspective, but s net the noturcl
TA almest complex steucfuce

T.L — 'EIA r’.rq. £‘4’ :

To do:

e Determine whether thes T is inte,ro.ue
(i.e., compute Nyenhurs tenser N 'k )-

s Formulate SUSY cenditions relative to this
{almeost) co-pltx steucture. Ts Wgp =SF,'AT+F;A'§7]
or o other calibrotieng then T" stil) appecr ?
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Tn Conclusion

By turning on NS and RR flux 'Hnrongh
three-eyclés in T8/2,, we can £ind a
variety of nevel IB ¢tnring vacua
with A« 0,1,2,3 Susy.

For M-‘l, we ,cnem'cd! i€t al) of the

comfll-t structure moduli and b of the 9
Kabhler medul/.

The T-dual descr’ptions invelve non-

Calabi- Yau nen-Kahler (nen- complex ? )
twisted tori!.

In the minrer qeometery, the
“non- Calab: ~ Yau ness” is encoded [n the
SL(3, Z ) menadremies of the T> Fibratien.

The mirrer often has a Purcly ,c«utac‘cgl
lift te M-theory on C¥xs' “(Ne=2)

or Ga (Ne1).  (Which cYs? Which Ggs? )

But, we still need to do some work to
understand the ITA complex steucture
and SUSY conditiens £rem an l'n‘bm'nsr'el“y
ITA Pﬂ'ﬂt c‘ vilw,




