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[ Vafa, '05] [ see Palti’s review, '19]
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Fohringer Ring 6, 80805 Munchen, Germany

Abstract

The Swampland program aims to distinguish effective theories which can be completed
into quantum gravity in the ultraviolet from those which cannot. This article forms an
introduction to the field, assuming only a knowledge of quantum field theory and general
relativity. It also forms a comprehensive review, covering the range of ideas that are part of
the field, from the Weak Gravity Conjecture, through compactifications of String Theory, to
the de Sitter conjecture.

Many conjectures stated: non-susy AdS, distance conjecture, ...

Can we systematically study type Il flux vacua in 3D to test them?

[ Farakos, Tringas, van Riet, 20 ]
2 [ Emelin, Farakos, Tringas, "21 ]



Type |l orientifold reductions to 3D

* Type llon Mjy = M3 x T, with single type of Op/Dp-sources

(Half-maximal N = 8 supergravities in D=3>

(m _ 17 L 7) [ Scherk, Schwarz, '79]

® Background fluxes = |
[ Hull, Reid-Edwards, '05]

(internal) gauge fluxes twisted tori with metric fluxes

H Hop 1™ A 0™ A 1P ( Scherk-Schwarz reduction )
(3) — Hdmnp

\_ \ J

[ see Grana’s review, "05]

* Bianchi identities & Tadpole cancellation (D =d+ w)

[DH@):O ] [ DFs—p) = Hzy AN Fe—p) = Jop/pp ] [ Wimn' Wplr' =0 ]

[ No NS5-branes ] [ tadpole cancellation for Op/Dp sources ] [D2=0 : No KK monopoles ]
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Half-maximal supergravities in 3D [ Nicolai, Samtleben, 01]
[ Deger, Eloy, Samtleben, "19]

e Reduction without fluxes = ungauged theory with global symmetry SO(8,8)

e Reduction with fluxes = gauged theory with local symmetry G c SO(8,8)

e Scalar field content (coset geometry) = 64 scalars

(D) o

GL(8
in terms of e € SOES; (36 scalars) and b= —b' (28 scalars)
* We introduce the scalar-dependent matrix  (a la DFT) Note: T-duality = SO(7,7)

M = yVT = (bgg g_l__gggb) e SO(8, 8) with g=ce’l



Half-maximal supergravities in 3D [ Nicolai, Samtleben, 01]
[ Deger, Eloy, Samtleben, "19]

* |nteractions induced by fluxes are encoded in a so-called embedding tensor (ET)
Omnipo = Ovnro + 2 (Mupfoiny — Inpfoin) + 2nampngiNG (M =1,...,16)

consisting of three irreducible representations of SO(8,8)

[HMNPQZH[MNPQ] 61820] [HMN:(Q(MN) 6135] [961]

» Consistency of the gauging requires a set of Quadratic Constraints (QC)

Bianchi identities

O-606=0 ) &

ET/ Flux dictionary Tadpole cancellation

® Scalar potential [V(@;M):@@(M4+M3n+...)J

| see Samtleben’s review, "08]
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Goals

1. Derive the type Il ET/Flux dictionary for all the possible half-maximal
supergravities compatible with a single type of Op/Dp-sources

[ Group Theory ]

[ 4D: Angelantonj, Ferrara, Trigiante "03 ]
[ 4D: Dibitetto, AG, Roest 11, 12 ]

2. Classify the extrema of the scalar potential of the resulting half-maximal

supergravities

[ Algebraic Geometry ]



Group Theory Part



Warming up: M-theory on Mj; = M3 x TS

* Internal diffeomorphisms GL(8) = SL(8) x Ry C SO(8, 8)

- Coordinates & derivatives : y* €8_3 , 0485 (A=1,...,8)
- Metric & gauge potentials:  es” €(63+1)y , Ci €561 , Cp) € 2849
-Fluxes:  wap® € (216'+8)5 , Gu €04 , G €845
SO(8,8) | Half-Maximal SL(8) x R
55 &2 : Scalars : e P € (S}(I)J% , Cle)
120 scalars 28 _2®(63+1), D

Fluxes : Gy

1 0 1o

135 Orr N 36'_5 ® 637D 36, -

70_4 & 28/_2 . 420/_2

1820 HMNPQ 7200 D 630 QP 10
C Mkws vacua with a massless )

ABCD _ 1 _ABCDEFGH
C 0 =5 € GErGH

D 2849 G 42042 no-scale direction
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Type IIA with 02/D2 sources e

* Internal diffeomorphisms GL(7) = SL(7) x Ry C SL(8) x Ry € SO(8,8)

e A group-theoretical analysis shows that  (m=1,...,7)

Scalars : e, € SO(7) Cay » ® , Bg , Cp)
Fluxes H(g) ; F(4) ; F(O)

mn 1 _mnpqgrst mnp8& 1 _mnpqgrst 88
C‘g pqzﬁg pa Hyot omre — 1€ P4 qust 3 0 F(O))

e Quadratic Constraints : 0-0=0 === FoyHeg) =0

ET / Flux dictionary
No O6/Dé6 sources !!

* No new vacua ( same no-scale Mkws )



Type |IB with O5/D5 sources crrw Py v

* Internal diffeomorphisms
GL(4) x GL(3) = SL(4) x SL(3) x R3 x Ry C SL(8) x Ry C SO(8,8)

e A group-theoretical analysis shows that (a4 =1,3,5,7 and i=2,4,6)

©
.
.
M
ek
Qo
_|_
ek
N——"
=
=
=
M

( iabé ( —1,+2,+2)
6&3 e (1541, 1)(07070) : Cijka € (4, 1)(—3, 8,0)
¢ € (171)<0,0,0) ) Cij € (1’3/)(+4, 8,0)
Bz € (4, 3)(_7,0,0) ) Cap € (6, 1)(+6,+2,+2)
ijkabe © (4, 1)(+3,—6,+2) ’ Oz'j&ioéci < (1, 3/)(—8,+2,+2)
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Fluxes

Flux components

Embedding tensor

wii® € (1,6 +38)_y 610

g
0%}

Qécijk

wai' € (15 +1,3) 4 ¢ .10

b8
0*°° 5

H; € (1,3)_4 ¢ 12

9728

Fy € (4, 1)(+9,—4,+4)

o 086628

Hipo € (4,1) (g 1y 4a)

_pdigk

Hije € (4',3")(_11,6.12)

Eijk € (1,1) (0 _14,42)

Faék € (6, 3)(+2,—4,+4)

Flieij € (4,3") (5,4 4a)

Eaegiir € (1, 1) (1,4 4a)

Too many fluxes and scalars !!
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SO(3)-invariant sector: RSTU-model

e SO(3)-invariant scalars :  SO(8,8) D SO(2,2) x SO(6,6) D SO(2,2) x SO(2,2) x SO(3)

_ sty
Mscal - [80(2)] C SO(S) X 80(8) RSTU'mOdel

Note: analogue of the STU-model in 4D

e SO(3)-invariant fluxes: (a=1,3,5,7)

ko k _ ; _
Wab" = W1 €gp , Wy’ = w2y, ,  wr® = w3
7 _ b b k k
Wia — W4 5za ) Wiq — W5 €4q ) Wij  — We €4
Hupe = h31 €ape > Haij = hao€ais 5 Fijk = [31€i56 » Fiar = [320ia >, Fibe = [33 €ine
Fupij7 = f50ai 0v; + Fabcijkr = J7 €abe €ijk

Summary: 4 complex scalars & 13 flux parameters
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S0O(8, 8) 4 complexscalars: R, S, T, U



e Quadratic Constraints : ©-0=0

w3wyg +ws (ws +wg) = 0 : w4 (2ws 4 wg)
wiws —we (ws+wg) = 0, w3 (2ws + weg)
0

wowy —wi (Ws +wg) = w1 w3 — 2ws Ws

?

No KK monopoles

wiwg = 0 »
r q

Wimn' Wplr

hsa = 0
s a2 » DH(g) =0

2wy h3zg —w3z hg; = 0

w2 fa1 + (2ws +we) fao +2ws faz = 0

w1 f31 — (2ws +we) faz —2wyg fza = 0

. but ...

DF(3) ’dya/\dyé/\dya/\dyd = w1 f32 — w2 f33 = Jos/D5

No NS5-branes

-
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=) DFg =0

3wy f5 — ha1 fa1+3hsa fag = 0 » DF(5) — H(g) A\ F(g) =0 No O3/D3 sources

No other type of O5/D5 sources

O5/D5 sources (orientifold) unrestricted !!



Algebraic Geometry Part
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The algebraic problem

[ ve:m

4

:@@(M4+M3n+..

)]

/

Quadratic on the ET

(13 flux parameters)

Trick :

\_

fixed fluxes
&

scan scalar VEV's

/

Complicated problem

Quadratic algebraic problem :

~

High powers of the scalars

(4 complex scalars)

—

\_

scan fluxes

fixed scalar VEV's

&

~

v

Quadratic problem

Ideal = multivariate polynomial system

I = < 8V‘<R>

=(T)=

(U)=i

0, @-@:O>
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[ SINGULAR project: Decker, Greuel, Pfister, Schonemann ]

A SINGULAR approach to the algebraic problem

* Algebraic Geometry studies multivariate polynomial systems and their link to
geometry (space of solutions)

z
I = <P1 y P2>

Pi(z,y,2) = zz <:> o
algebraic system X | variety

* Prime decomposition (analogous to integer decomp. 15=3x5)

I = JinJs where 4 217 (2) — ry-plane > [ TN Js —— V(1)U V(Jz)J
Jo = (x, y) —> z-axis

algebra-geometry dictionary

* Our specific ideal I = < 8‘/‘(@ ., ©-06 > ... 15 prime factors !
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A landscape of 3D orientifold flux vacua

w H3) F3) Fi) | Fo
ID Type SUSY | w1 wy w3 wis w5 we |hsr hs| fa1 f32 fazs | fs f7
vac 1 N=04|lx ¢ 0o 0 o o0 ]lo o o w —¢| o0 0
vac 2 Mkws N =0 0 K 0 0 0 0 0 0 0 0 —k 0 0
vac 3 >k N =0 0 K K 0 0 0 0 0 0 0 0 0 0
vac 4 T N=41]10 0 0 0 0 «w [0 0]xx 0 0/ 0| —x
AdSs
vac 5 T N=0]0 0 0 0 0 = [0 O0]x 0 0] 0 K
vac 6 >k N =3 k 0 0 0 —Kk K 0 0 T 0 £ 0 —2K
AdSs
vac 7 X N =1 k 0 0 0 —Kk K 0 0 Tk 0 £x| O 2K
vac 8 T N=1]l]0 0 0 0 —-x & |0 0]+ 0 0] 0 K
AdSs
vac 9 T N=0|[0 0 0 0 - &« |0 0% 0 0] 0 | —x
vac 10 AdSs N =0 0 2k kK 0 0 0 0 0 K +k —kK 0 +K
vac 11 AdS; | N =0 0 2k & 0 0 0 0 0 kK E*x —k| O Fr
vac 12 7 N =4 0 0 +xk +k Kk =2k 0 0 | 2« 0 0 0 2K
vac 13 | N=1 0 0 £+x £k K —2kK 0 0 +2k 0 0 0 —2K
AdSs
vac 14 | N =0 0 0 4+x +k K =2k]| 0 0 | F26 O 0 0 2K
vac 15 | N=0 10 0 £k *x w -2k 0 0 |[F2c 0 0 0 | -2«
% embeddable into maximal (N=16) supergravity & ]L gSS reduction of O(8,8) DFT
9[M1M2M3M4 9M5M6M7M8] =0
Jos/ps = 0

17 [ Hohm, Musaev, Samtleben, "17]



Scalar mass spectra

ID Scalar spectrum
2 a2 _ ) 2 €2 9x2 (1—2¢)> (r+2¢)
vac 1 4 g =m _0(30)’(16)(9)’(4>(9)’(4)(9)’(16)(1)’{ 10 }(3)’[ 10 }(3)
vac 2
g72m? = (%) 0y
X | vac 3 (15)
T | vac 4 m?L* = 8(9), Ous)
J[ vac 5 A 4(19)7 2(45)
* 1 vac 6 m2l? = 8(10)s 4@8), O(3e)
| vac 7 A = 4ag), (1+V5)as): 236
T | vacs8 m?L? 2410y, 8(25): 0(29)
T | vac 9 A = 6(0), 425 229
vae 10 m2L2 — 80(3), 48(9), 24(4), 8(7), 0(41)
A = 103, 89), 6wy, 4(7)s 20
S m?L* = 48(15), 8(13), O(36)
A = 8us), 4a3)s 2(36)
vac 12
vac 13 m?L? 158y, 8(19), 3(8), 029
vac 14 A = 51y, 49y, 3(8)s 2(29)
vac 15

Only non-negative masses (pert. stable non-susy vacua) & integer A’s

[ Ooguri, Vafa, "16]
18
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Moduli stabilisation

scale-separated
AdSs3 vacua

*r—)p

[ Farakos, Tringas, van Riet, 20 ]
[ Emelin, Farakos, Tringas, "21 ]
[ Van Hemelryck, 22 ]

]

]

[ Farakos, Morittu, Tringas, 23
| Farakos, Morittu, '23

— = ¥ X = = X%

(R) (S) (T) (U)
ID Vo = (V) T P o t T i
vac 1 0 Jﬁ’;’ T %,u
_[f33
vac 2 0 o T
vac 3 0 g—i —1
2
vac 4 2w —f?jg’ o Is £—2u
ERNENE 2 wo
vac 5 —fiig o 5_2“
2 -1 b
vac 6 g% we wifs 1 —%,u fs ﬁ’u
2 517 wg we
vac 7 2]%#—1 2fT76'u
2
vac 8 g* _wg fijg ‘o fs i_é'u
TR > e
vac 9 f:zjgf/ o 5—2“
1 1 1
_f?»l(f?:j)2f7)7 W3f323 _(f;g,))2f7)7 <@>5
vac 10 @ wifS, ~ W23 For (/3 f )% w3 f33 fr
32 TR 15,1 1 R 1 :
vac 11 far(=f3f7)?2 w3 fis (=132 <_@)§
w3 f33 f31(_f§)2f7)% w3 f33 fr
farf 2w3 f
vac 12 Tugias P Y s M
farf 2w3 f
13| o ~fat 24 Lo
513 Y. S ;
w
vac 14 ks -2 L
9 2

19




Moduli stabilisation

— = ¥ X = = X%

[ Eloy, 20 ]
[ Eloy, Larios, "23, 24 |

KK spectrometry ¥
& o

distance conjecture

[ Ooguri, Vafa, "06 ]

(R) (S) (T) (U)
ID Vo = (V) r P o t T L
vac 1 0 Jﬁ’;’ T %,u
_J33
vac 2 0 o T
vac 3 0 g—j —1
2 4
vac 4 2w —f?jg’ o Is U{—Zu
32 f3, 13 > wo
vac 5 —f?jg o 5_2“
2 -1 f
vac 6 g% we wifs 1 —%,u fs ﬁ,u
2 f5f3 wg we
vac 7 2]%#—1 2fT76'u
2
vac 8 g* _wg fijg ‘o fs S—Z,u
TR > e
vac 9 f:zjgf/ o 5—2“
1 1 1
_Jl:31(f§r,))2f7)7 W3f323 _(f;g,))gf7)7 <&>§
vac 10 2 W8fS, 23 For (/3 f )% w3 f33 fr
32 T 5 12 : e , :
vac 11 _f31(_f§)2f7)§ w3f323 _(_f??zfﬁ? <_@)§
w3 f33 f31(—f§’2f7)% w3 f33 fr
farf 2w3 f
vac 12 futzy 2 £
farf 2wg f
vac 13 |, o -k o £
7.2 -
w
9 2
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Summary

 Group Theory + Algebraic Geometry = systematic approach to the Landscape
* Embedding tensor/flux dictionary for all the single Op-plane setups (p = 2,...,9)

e Type IIB with O5/D5 landscape appetizer

- Rich structure of AdSs vacua both SUSY & non-SUSY

- Perturbatively stable & integer A's  (non-susy & non Ricci-flat spaces )
[ AdS conjecture ] [ CFT>?]

- Evidence for scale separation ( purely 3D story ) [ Ooguri, Vafa, ‘16]

[ Apers, Conlon, Ning, Revello, "22]

To-Do List i

[ Plauschinn, "22]
* Complete the Landscape with the other Op-plane setups [ Arboleya, AG, Morittu, in progress |

* Top-down construction : G-structures, scale separation, ... [ Farakos, Tringas, van Riet, 20 ]

[ Emelin, Farakos, Tringas, "21 ]

* Precise tests of the distance conjecture via KK spectrometry [ Coguri, Vafa, 06 ]

[ Eloy, 20 ]
21 [ Eloy, Larios, '23, '24 ]



ELXAQLOTW !

thanks !
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