Kaluza-Klein Spectrometry for
String Theory Compactifications

Emanuel Malek

Humboldt-Universitat zu Berlin

Emmy
Noether- )
Programm

OFG :

11th March 2021

Based on joint work with Giambrone, Guarino, Nicolai, Samtleben, Trigiante

Emanuel Malek Kaluza-Klein Spectrometry 11th March 2021



[J
T
< SR
Motivation 1 \NY\Y C
jq‘ﬁ

why
q‘)’

Exceptional Field Theory

dMNPOy @ 9p = 0

Exceptional Field Theory ., - poie o > (0 X0 )

11-d SUGRA IIB SUGRA
11-d SUGRA

Consistent truncations Internal space

Lower-d SUGRA

Kaluza-Klein Spectrometry

Applications

Emanuel Malek Kaluza-Klein Spectrometry 11th March 2



Motivation
000

Motivation
Exceptional Field Theory .. sy /%777 N = e
11-d SUGRA 1IB SUGRA
11-d SUGRA
Consistent truncations Internal space

Lower-d SUGRA

Kaluza-Klein Spectrometry

Applications

Emanuel Malek Kaluza-Klein Spectrometry 11th March 2




Motivation
€00

The importance of Kaluza-Klein spectra

o Compactification = massive Kaluza-Klein modes arise

o Kaluza-Klein spectrum important

o AdS/CFT: conformal dimensions
o Stability of non-SUSY vacua?
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Motivation
0e0

Computing Kaluza-Klein spectra is hard

@ Free scalar on S!:
0= Q%(b(x,y) + a}% ¢(X7}/) )

2
o(xry) = dW(x) IR, = K

ﬁ .
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Motivation
0e0

Computing Kaluza-Klein spectra is hard

@ Free scalar on S!:
0= 8§¢(X,y) + a}% ¢(X7}/) )

o y) = o) R m? = o

@ SUGRA: (linearised) EoMs mix metric & fluxes = eigenmodes?

1 1
QMNP QMNP R QR MNP Q (,SIM NP] MNPQ ... Q;
Vof +-F Vqohr —Vg (h Fr )—3V (h [ Fqs ]) = ——c¢ 1 SFQI-

258 Qs fQ5...q5 -
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Computing Kaluza-Klein spectra is hard

@ Free scalar on S!:
0= 8§¢(X,y) + a}% ¢(X7}/) )

o y) = o) R m? = o

@ SUGRA: (linearised) EoMs mix metric & fluxes = eigenmodes?

1 1
QMNP QMNP R QR MNP Q (,SIM NP] MNPQ ... Q;
Vof +-F Vqohr —Vg (h Fr )—3V (h [ Fqs ]) = ——c¢ 1 SFQI-

258 Qs fQ5...q5 -

@ Only two cases understood:

° Spin—2 fields [Bachas, Estes '11] v/
o Min: = % 4
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Motivation
ooe

Another tool: Consistent truncations

@ Non-linear truncation to subset of KK-modes
@ Solutions are solutions to higher-dim theory
@ Compute subset of masses for any vacuum!
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FIG. 2. Mass spectrum of scalars.
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Motivation
ooe

Another tool: Consistent truncations

@ Non-linear truncation to subset of KK-modes

Extend this to full KK spectrum!

FIG. 2. Mass spectrum of scalars.
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ExFT
©00000

E¢() Exceptional field theory

[Berman, Perry '10], [Berman, Godazgar?, Perry '11], [Coimbra, Strickland-Constable, Waldram
'11], [Berman, Cederwall, Kleinschmidt, Thompson '12], [Hohm, Samtleben '13] ...

o 11-d SUGRA: (g, Ci3), Cg))
My = Ms x My, .
@ Unify diffeos 4+ gauge symmetries of 11-d SUGRA on M;;
bg=1L,g, 6C3=L,Ca+d\o, dCe =L,Ce)+dos)+...
@ Generalised vector field

VM — (v", A a,-jk,m) € 27 rep of Ege)
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ExFT
0®0000

Generalised metric and other fields

@ Internal bosonic fields on M-

{g, C), C(6)} = Mpun €

o Fields with mixed legs:

{g’jguj, C wijy - } = .AMM € 27 of E6(6)7
{C;wn v ikl - } B;WM €27 of E6(6)

@ Spinors form reps of USp(S) [Coimbra, Strickland-Constable, Waldram '11]
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ExFT
00®000

Generalised Lie derivative

@ Generalised Lie derivative: local Eg(g) action

Ly = VMo — (0 x 44 V) = diffeo + gauge transf,
Lydynp =0,
with Oy = (8,', 8’7, ) :(8,', 0, ..., 0)
o Eg.
LyMun = {Log, LCa)+ A2, LuCe) + dogs) + ..} -

@ “Exceptional geometry”: generalised tensors, generalised connections,
etc.
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ExFT
(e]ele] Tole}

Section condition: Unifying 11-d & 1IB

@ “Section condition”
dMNPBN ®0dp =0.

@ Two inequivalent solutions

1ds O — {5 00, "
b b\}\}b\}

e Covariant restriction to 6 (11-d SUGRA) or 5 (11B SUGRA) coordinates.
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ExFT
000080

Rewriting the action

Full 10-d/11—d action: [Hohm, Samtleben '13]

1 1
L=FRg+ ﬂg“”@uMMN@uMMN - Z}—WMFWNMMN +Liop =V,

o “Like 5-d SUGRA"
® D, =0, — L4, “external covariant derivatives”
o FuM =20y, A — 2L, AsM + 10d"NPON B, p

@ “Scalar potential”:

V= M"NRun = MMNay MPRONMpg + . ..
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ExFT
00000e

E6(6) ExFT

1 1
L=Rg+ ﬁg”y@uMMN’D,/MMN - Z}—uUM]:“VNMMN + Ltop — V

dM"’PE)N ®0p =0

o — {50, ) O = {00, B, )

11-d SUGRA IIB SUGRA

Similar story for Myg/11 = Mint X Mp — Ey1_p1—p) ExFT
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Consistent truncations
©00

Consistent truncation

@ Non-linear truncation to subset of KK modes
@ Described by lower-dim max SUGRA

11-d SUGRA

57

4-DN =8 SO(8) SUGRA

FIG. 2. Mass spectrum of scalars.
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Consistent truncations
o] 1o)

Consistent truncations = generalised Scherk-Schwarz

o Generalised Scherk-Schwarz Ansatz: Uy (Y) € Eg(a)

Mun(x, Y) = Mag(x) U (Y) UnB(Y),
AMx, Y) = AA) UaM(Y)

o Consistency condition:
Ly,Ug = XL\BCUC
A :

o Embedding tensor X45¢ <= lower-dim gauge group.
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Consistent truncations
ooe

Proof of consistency

@ All Y-dependence in action & EoMs appears via £

DN = 8“ - EA;L
Fu =200, AgM — 2L 4, AjM + ...

Mun(x, Y) = Mag(x) Un™(Y) UB(Y),
AMx, YY) = AAX) UaM(Y),

D, =0, — A Xa:
Fu® = 20,,A" — 2A,P A, Xac™ + ...

@ All Y-dependence factors out = consistent truncation

Emanuel Malek Kaluza-Klein Spectrometry 11th March 2021 14 / 32



KK spectrum

Motivation
Exceptional Field Theory .. sy /%777 N = e
11-d SUGRA 1IB SUGRA
11-d SUGRA
Consistent truncations Internal space

Lower-d SUGRA

Kaluza-Klein Spectrometry

Applications

Emanuel Malek Kaluza-Klein Spectrometry 11th March 2021



KK spectrum
€000

KK spectrometry

First at max symmetric point: Mag(x) = daB
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KK spectrum
€000

KK spectrometry

Then at less symmetric point: Mag(x) = VA;‘ VBB5,2\§
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KK spectrum
0®00

KK Ansatz at symmetric point

Mun(x, Y) = Mag(x) U™ (Y) UNB(Y),
AM(x, Y) = AAX) UMY

~

o KK fluctuation: infinitesimal Mag = dag + jag € Ed(d)/Hd

@ Expand in scalar harmonics V= on My

Mun(x,Y) = <5AB + jag*(x) yz(y)> Un(Y) UNB(Y),
AMx, V) = AAR(x) UM (V) Vs(Y).

@ KK Ansatz = consistent truncation & scalar harmonics
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o KK fluctuation: infinitesimal Mag = 0B + jaB € ¢q(d) © b
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KK spectrum
0®00

KK Ansatz at symmetric point

Mun(x, Y) = Mag(x) U™ (Y) UNB(Y),
AM(x, Y) = AAX) UMY

~

o KK fluctuation: infinitesimal Mag = 0B + jaB € ¢q(d) © b

@ Expand in scalar harmonics VE on Mip:

Mun(x,Y) = <5AB + jasT(x) yz(Y)> Un™(Y) UnB(Y),

AM(x, Y) = AAE(x) UaM(Y) V().
@ KK Ansatz = consistent truncation ® scalar harmonics

of. gi(x,y) =3, 890V (), Ciulx,y) =3, CO)VE, (y)
guilx.y) =3, 8 (x )yf“(y), Cui(x,y) = 32, G )V (v)
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KK spectrum
0®00

KK Ansatz at symmetric point

Mun(x, Y) = Mag(x) U™ (Y) UNB(Y),

o KK fluctuation: infinitesimal Mag = 0B + jaB € ¢q(d) © b

@ Expand in scalar harmonics VE on Mip:

Mun(x, Y) = <5AB + jag™ (x) yz(Y)> Un™(Y) UnB(Y),
AMx, Y) = AAT(x) UM (V) Vs (Y).
@ KK Ansatz = consistent truncation ® scalar harmonics

Useful to write j55 = Pag’ ji*, — Projector onto ¢ o by.
JAB J ) d(d)
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KK spectrum
0000

Mass matrices at symmetric point

o Plug
MMN(X, Y) = (6AB +jABz(X) yZ(Y)) UMA(Y) UNB(Y) ’
A, V) = ASE() UAY(Y) De(Y).

into ExFT action

1 . 1 v
L= Rg + ﬂg” DMMMNQVMMN - Z]:;LVM]:” NMMN + Ltop - V7

and linearise = mass matrices
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KK spectrum
0000

Mass matrices at symmetric point

o Plug
Mun(x,Y) = (5AB + jas" (x) yz(y)) Un(Y) UN(Y),
AM YY) = AAT () UaM(Y) s (Y).
into ExFT action
L=R;+ ig”VQMMMNQVMMN - %fuuM]‘wV N Muw + Liop =V,

24
and linearise = mass matrices

@ All internal dependence through:

Ly,Ug = Xag“Uc,
Ly Vs = L, Vs = Tas™Va.

o Tax® generators of gauge group: [Ta, 78] = Xas“Tc
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KK spectrum
0000

Mass matrices at symmetric point

o Plug
MMN(X, Y) = (6AB +jABz(X) yZ(Y)) UMA(Y) UNB(Y) ’

A, Y) = AT () UaM(Y) (1Y)
into ExFT action
1 1
L= Rg + 7g”V©uMMN©yMMN - Z]:;LVM]:”V NMMN + Ltop - V7

24
and linearise = mass matrices

@ All internal dependence through:
Ly,Ug = Xag“Uc,
Ly, Vs = L, Vs = Tas™Va.

o Tax® generators of gauge group: [Ta, 78] = Xas“Tc
e = Mass?> ~ T2, T - X and X?
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KK spectrum
000e

Mass matrices at symmetric point

Mass matrices:

Mﬁécfbl?{) MS J) dsq + 0y M(Spm ¢ NiTeas
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KK spectrum
000e

Mass matrices at symmetric point

Mass matrices:
Mﬁécfbl?{) MS J) dsq + 0y M(Spm ¢ NiTeas

@ Lower-dim SUGRA mass matrix Ms(j)
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KK spectrum
000e

Mass matrices at symmetric point

Mass matrices:

scalar spin—2 C
MSZ,JQ) MSJ) dsq + 01y M( pn=2) 1 A Tcaxr
@ Lower-dim SUGRA mass matrix Ms(j)

0 1
M) = 2 (Xne" Xee" + Xea” Xes" + Xer " Xer® +7 Xae" Xer®) Pap' P’
2
+ Z (XACEXBDE — Xae“Xge® — XEACXEBD) Pag'Pcp?

1
+ 3 Pag'Pcp? XeaP XecP .

Emanuel Malek Kaluza-Klein Spectrometry 11th March 2021 18 / 32



KK spectrum
000e

Mass matrices at symmetric point

Mass matrices:
Mﬁécfbl?{) MS J) dsq + 0y M(Spm ¢ NiTeas

@ Lower-dim SUGRA mass matrix Ms(j)

(spm 2)

@ Spin-2 mass matrix My = TasnTan
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KK spectrum
000e

Mass matrices at symmetric point

Mass matrices:
Mﬁécfbl?{) MS J) dsq + 0y M(Spm ¢ NiTeas

@ Lower-dim SUGRA mass matrix Ms(j)

@ Spin-2 mass matrix M(Spm 2

= TasnTan
o Key object:

Nis€ = —4(Xca® + 12 X28°)PAP PP .
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KK spectrum
°

KK spectrum on S’

Compact (re-)derivation of KK spectrum on AdS, x S:

° yaya =
o Harmonics Y = {1, Vs, YY) -} € [1,0,0,0]

e jag™ €([2,0,0,0]@[0,2,0,0]) ® [n,0,0,0]

3
L2 M%scalar) = Z(n + 2)(” + 4) + CSO(S)

@ In terms of SO(8) Casimir — Cgo(s) & KK level n
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KK spectrum
°

KK spectrum on S’

Compact (re-)derivation of KK spectrum on AdS, x S:

e V. yi=1
o Harmonics Y = {1, Vs, YY) -} € [1,0,0,0]
e jag™ €([2,0,0,0]@[0,2,0,0]) ® [n,0,0,0]

@ [n,0,0,0] — 1 BPS multiplet: Mixing from Us" Vs + ExFT ¢ 11-d
dictionary

FIG. 2. Mass spectrum of scalars.
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KK spectrum
[ 1e}

Moving to a less symmetric vacuum

Mun(x,Y) = (8as + jas™(x) Y5 (Y)) Un™(Y) Un®(Y),
A V) = ASE) UaM(Y) Vs(Y).

o KK Ansatz is exact in consistent truncation modes!

@ Vacuum defined by scalars V;‘A(x) € Eq(q)/Had

@ Use same harmonics Vs as max. symmetric vacuum.
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KK spectrum
oce

Kaluza-Klein masses at less symmetric vacuum

Mass matrix at less symmetric vacuum
(scalar) ¢ r(0) “r(spin—2) C
Mis jo’ =M dsq +ouMzq 7+ Ny~ Teox
in terms of “dressed” quantities:

Xa5C = Vi VaB Ve X, 7-;‘792 = Vi’ Taa™.

Emanuel Malek Kaluza-Klein Spectrometry 11th March 2021
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Non-SUSY AdS4
®0

Non-supersymmetric SO(3) x SO(3) AdS,

4-D SO(8) gSUGRA
@ SO(3) x SO(3)-invariant N/ = 0 AdS; vacuum [Warner '83]

@ Uniquely fully stable in 4-D! [Fishbacher, Pilch, Warner '10]

) Up|ift to 11-d [Godazgar, Godazgar, Kruger, Nicolai, Pilch '14]
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Non-SUSY AdS4
®0

Non-supersymmetric SO(3) x SO(3) AdS,

4-D SO(8) gSUGRA
@ SO(3) x SO(3)-invariant N/ = 0 AdS; vacuum [Warner '83]

@ Uniquely fully stable in 4-D! [Fishbacher, Pilch, Warner '10]
- Up”ft to 11-d [Godazgar, Godazgar, Kruger, Nicolai, Pilch '14]
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Stability in 11-d?

Non-SUSY AdS4
oe

o Uplift to 11-d stable? Higher KK modes?
@ AdS swampland conjecture [Ooguri, Vafa '16]]

@ Brane-Jet instability [Bena, Pilch, Warner '20]

Emanuel Malek

45

32

211

-3+
-3+

FIG. 2. Mass spectrum of scalars.
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Non-SUSY AdS4
°

Tachyonic KK modes

Level 0: N = 8 supergravity multiplets [Fischbacher, Pilch, Warner '10]
m?L?
-1.714 C-1.714
-20r
-25¢
-3.0r
(111) (2,‘2) (3‘,3) (4‘,4) (515) (616) (717) (818) (k)
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Non-SUSY AdS4
°

Tachyonic KK modes

Level 1: still stable! [EM, Nicolai, Samtleben: 2005.07713]
m?L?
-1.714 C-1.714
1.947 -1.965
-20r
2228
-25¢
-3.0r
(111) (212) (3‘,3) (414) (515) (616) (717) (818) (k)
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Tachyonic KK modes

Level 2: tachyons! [EM, Nicolai, Samtleben: 2005.07713]
m?L?
-1.714 C-1.714
20l 1.947 -1.965
q4-2179 722-2-5

\-2.361

-2448
25+
-2532
§-2821
-3.0r
43117
(111) (212) (3‘,3) (4‘,4) (515) (616) (717) (818) (k)
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Tachyonic KK modes

Level 3 [EM, Nicolai, Samtleben: 2005.07713]

m?L?

1714 £-1722 1714

-1.965

22

\-2.361

2448 ——C-2.446

25+
-2.532
-2.627
2741
42821
< -2892
-3.0r
317 e
(1.1 2,2) (3,3) (4,4) (5,5) (6,6) 7.7 8.8) k)
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Tachyonic KK modes

Level 4 [EM, Nicolai, Samtleben: 2005.07713]
m?L?
1714 ¢z ciTia
1947 -1.965
222
-2361
24482446
25+
-2.532
-2.627
2741 -2752
§-2821 £ -2.801
) —(-2.892 -2876
2922
255
-3.0r
0T e coans
(1.1 (22) (3,3) (4,4) (5,5) (6,6) 7.7 8.8) k)
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Tachyonic KK modes

Level 5 [EM, Nicolai, Samtleben: 2005.07713]
m?L?
1714 £-1722 1714
\ -1.875
-1.947 -1.965 /
A%, y
/{-2,361
2448 ____C-2446
25+
-2.532
£ -2.567
/ -2627
-2.657
-272 2741 -2.750 ——C-2.736
4 ,2_/521 £-2.801
. -2876
2 < -2.892 — 2w
-3.0r
4 -3.055
G307 e -3
(1.1 (22) (33) (4,4) (5,5) (6,6) 7.7 8.8) k)
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Tachyonic KK modes

Level 6 [EM, Nicolai, Samtleben: 2005.07713]
mL?
1714 ¢z cl1ma
\ -1.875
-1.947 1065 /
2225 LA
o <268 ) 5
y -2.361
24 7
24482446
25¢ -2532 /
- 2567 -2576
lodly \ 2627 /
/"2 7 g 2741 \c 2750072736
4 ,¥1 <-2.801 \
e — -2 876
B G G291 pgg— 2%
-3.0r
4 -3.055
T e coss
(1,1) (22 (3,3) (4,4) (5,5) (6,6) (7,7) 8.8) (k)
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Non-SUSY AdSy
®00

Non-supersymmetric AdS, in ISO(7) SUGRA

4-D 1SO(7) gSUGRA
@ Go-invariant N/ = 0 AdS4 vacuum + 6 other

o Consistent truncation of massive Il1A on S°

- FuIIy stable in 4-D! [Guarino, Tarrio, Varela '20], [Fischbacher, Pilch, Warner '10]

@ No non-perturbative instabilities found (e.g. brane-jet instabilities,
bubbles of nothing)
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Non-SUSY AdSy
(o] To)

Perturbative stability of G, A/ = 0 AdS; vacuum

[Guarino, EM, Samtleben: 2011.06600]

@ For Gy invariant vacuum, analytic KK spectrum:

3
LM catary = (n+2)(n+3) — >Ce

(scalar

@ In terms of: S® KK level n, G, Casimir < Ce,
@ Positive mass spectrum!

@ AdS Swampland Conjecture?!
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Non-SUSY AdSy
ooe

Perturbative stability in 10 dimensions

[Guarino, EM, Samtleben: 2011.06600]

@ 6 other non-SUSY AdS,4 vacua

@ Numerical evaluation up to level n = 4:
e no tachyons
o lowest-lying masses increase monotonically with level

@ Evidence for perturbative stability in 10-d.
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SUSY AdS,
€00

AdS, S-fold vacua

4-D [SO(6) x SO(1,1)] x R1?2 gSUGRA
o Family of N' = 2 AdS4 vacua, parameterised by y € R
[Guarino, Sterckx, Trigiante '20]

o In 4-D:
o Unique special point: x =0 — SU(2) x U(1)g symmetry
o x # 0 distinct AdS4 vacua with U(1) x U(1)g symmetry

o Uplift via consistent truncation: [Inverso, Samtleben, Trigiante '16]

AdSs x S° x St S-fold of 11B

Emanuel Malek Kaluza-Klein Spectrometry 11th March 2021
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SUSY AdSy

oeo

Global properties of the conformal manifold

[Giambrone, EM, Samtleben, Trigiante: 2003.xxxxx]

KK spectrum as function of x

o X~y + & per|od|C|ty T radius of St

o At x = p” , p € Z, KK modes at level p on 51 become massless

@ Space mvaders — enhancement to SU(2) x U(1)g symmetry
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SUSY AdS,
ooe

Global properties of the conformal manifold

[Giambrone, EM, Samtleben, Trigiante: 2003.xxxxx]

@ Y € RT is a 4-D artefact
e x € |0, T) in 10 dimensions

@ Periodicity +» complex structure of internal space
S5 x St~ (83 x St) x §?
e x = % is distinct but also SU(2) x U(1)g symmetry

o Generic x has U(1) x U(1)g symmetry
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Conclusions

@ Powerful new method for computing Kaluza-Klein spectra
o KK spectrum of less symmetric vacua

@ Non-SUSY SO(3) x SO(3) AdS4 vacuum is unstable
c.f. Brane-Jet instability [Bena, Pilch, Warner '20]

@ 7 perturbatively stable AdS, vacua of massive IlA supergravity <> AdS
Swampland Conjecture?!

@ Global properties of conformal manifold
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Outlook

@ Non-SUSY vacua

o Other examples in 3-D [Fischbacher '02], [Fischbacher, Nicolai, Samtleben '02]
o Generic requirements for (in)stability?

o KK spectrum of SUSY AdS vacua: Predictions and checks of AdS/CFT

@ Extension to consistent truncations with less SUSY
= KK spectrum of 1/2-max AdS vacua, c.f. spin-2 [Chen, Gutperle,
Uhlemann '19], [Gutperle, Uhlemann, Varela '18]

@ Beyond AdS?
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