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Non supersymmetric strings
@00000000

Super string theories

® 5 superstring theories (without tachyons)

Type lIA

Type IIB Typel

M Theory

Heterotic SO(32) Heterotic
E8 x E8
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Non supersymmetric strings
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Tachyons

® Tachyons are particles with negative mass squared

2
mtachyon <0

® These particles signal instability of the vacuum

® Most non supersymmetric string theories have tachyons
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Non supersymmetric strings
[e]e] lele]ele]ele]

Non supersymmetric strings

® Three 10 dimensional string theories don't have tachyons
(i) Heterotic O(16) x O(16) theory
(i) Sugimoto USp(32) model

(iii) Sagnotti U(32) model (also called 0'B model)
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Non supersymmetric strings
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® \We can have one loop corrections to the string theory action that can give rise to
a cosmological constant

» -

Tree level One loop Two loop

® |n superstring theories, the loops corrections to the cosmological constant vanish
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Non supersymmetric strings
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Uplift to deSitter

® | oop corrections are present in non supersymmetric string theories

® Can you uplift AdS spacetime to deSitter spacetime by these loop corrections?
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Non supersymmetric strings
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Stability

® Are non-supersymmetric backgrounds stable? or at least metastable?

® Perturbative stability

m? > 0 (Minkowski)

d2
2 -2
Mgcalars > —L Z

scalar BF bound 9
o o -2(d=2p)]°
mp-form =
4
~—_——
p-form BF bound

(AdSy+1 spacetime)

® Non-perturbative stability: Stability under bubbles of true vacuum engulfing the false
vacuum [Coleman;1977] [Coleman & Callan ;1977] [Coleman & deluccia; 1979]
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Non supersymmetric strings
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A No-go theorem

® A Maldacena-Nunez style no-go theorem exists [Basile & Lanza; 2020] for
compactifying the following action

_ 1 D, — - 4 2 Typ e*? 2
S_lﬁﬂGD/dX g(R D—2(a¢) Te 2(p+2)!|Hp“’

on a closed manifold Y with dim(Y) = q > p + 2 where Hp, 5 threads a p + 2
cycle in Y. deSitter and Minkowski vacuua are forbidden if

%+(p+1)>0

® |t doesn’t apply directly if we have electric and magnetic fluxes.
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Non supersymmetric strings
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® AdS; x S3 x §3 vacuua have been studied for O(16) x O(16) heterotic theory on
a string scale St [Baykara, Robbins, Sethi; 2022],[Fraiman, Grana, Parra de Freitas, Sethi; 2023]

® Three Hs fluxes: ny on AdSs, ns on S3 and A5 on S3
® The uplift to deSitter doesn't happen
® Perturbative stability of scalars in AdSs is checked (scalars above the BF bound)

® Non-perturbative stability still not checked
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Non supersymmetric strings
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® We will try to answer the same questions for AdS3 x S3 vacuua for O(16) x O(16)
on a string scale T4 (i.e. uplift to deSitter and perturbative stability)

® Rich T, moduli space

® Some results can be calculated analytically (in contrast to AdSz x S x Sy x Ssh

® Results may be similar to AdS; x S% x K3 case
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Uplift to deSitter?
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Tree level analysis

The O(16) x O(16) heterotic theory has the following action

S= L /dloxe_%\/ <R+4(a¢) 2|H32—i|F2\2>

2/110
where

Hs is the NS 3-form field
F5 is the heterotic gauge field strength
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Uplift to deSitter?
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® The metric on AdSs x S3 x T is as follows
dsy = dsigs, + €°Xd3 + ds7,

where x is the volume modulus.

® d0O3 is the metric on a sphere with radius L.
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Uplift to deSitter?
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® The potential in three dimensions is as follows

1 =
—ﬁ d3X\/—7g3Vtree(¢a X)
3
where
_ 6 _ 2a%n2 51278 g n}
Viree(, x) = V72 [Lz B T R A T
with 2
__—2¢0+3x 2 & | T4 = 2
Ve m = s vol(T%) = va

where ny is the flux on AdSs and ns is the flux on S3
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Uplift to deSitter?
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® Set the derivatives to zero

Re*(—=3x+d)
aqﬁ Viree = —eLT <3L4V 512g4n2ﬂ-8a’2€4¢ _ ngv2a/2) —0
14
24e4(—=3x+9)
ax Vtree = eLT <2L4V 256g4n2ﬂ-80{’264¢ _ ngv2a/2> -0
"4
e Solve for (¢ = x = 0) to get
2 1 1
L4:2/2 2:& V:— A:*V:
nso 8s (27()4111 min o/\n5| 2 min a’]n5\
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Uplift to deSitter?
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One loop correction

® The loop one correction to the potential is as follows

. g2
ViZioop = 20V 3ePX =2
Q@
where )
d
A=— | ZlZ(r)
2v Jr T

with Z(7) being the partition function on a torus

Hassaan Saleem

Non supersymmetric strings on A
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® Set the derivatives to zero

2(2m)8g4n? 3(2m)*\g2L8
a¢\/—0‘¢0x0_0:>2a/2<ng+ (ﬂ-) gon1>_6L4+ (ﬂ-) 8o °_

v2 ° o'v
= — w2, (2m)°gont 4, (2m)'hglld
® These equations imply that
1 4 12 42
8o = il 3L% —2a'4n
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Uplift to deSitter?
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® The solution for L2 is

18v/3 n2a’6 60n2 An?
. NG {30‘/2”3 + V30 p2) + \/6/“ B R e (”31 - T21> (T5 z 60>
= 1/2
18v/3 n2a’6 60n2 An?
e {30/2,15 — /31 + p2) + \/6u1 — 3y — — A (né‘ - A?)} ( < 60)
where . e 2 s
24nta/ 2¢/2n%a’
I :30/%?—&—% Uz :C\‘q’/iq-?\f% (nf — 6n5)?)
0/4 i 1/3
(=% (71458n§n%/\4 + 3888nsnf\* — 43205 + 162n§n§A2\/81n§A4 — 144n? + 1104n§ngA2)
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® The small n; behavior is concerning. We check that it is well behaved
2 3n? 261nf
L2:\/>’n 1+ s — L+
o T VBT snda2 T 128m8N

2_\/§ L (, 21n? +2115n‘11 N
o = 2 | \ns| 8nixz =~ 128n8X* T

Hassaan Saleem SUNY Albany, NY

Non supersymmetric strings on AdS3 18 / 53



Uplift to deSitter?
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® The minimum of the potential is as follows

2 g2\

Vmin = 75
2 !
L2 o

® Spoiler: The uplift to deSitter still doesn't happen

® We have the following relation

-1
AdS,o Vmin L% 20/
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Uplift to deSitter?
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L, vs. log(ny) (different n5 values)

Lovs Log ny
L,
Vo
100} —
80 sl Legend
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Uplift to deSitter?
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g- vs. log(ny) (different ns values)

g, Vs Log n;

9o

0.020}
Legend

0.015!
— 1000
0.010! 2000
0.005} 5000
1 7000

L L i L _. T — 2l L

2 4 6 8 10 12 14 °09M 10000
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Uplift to deSitter?
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Vinin Vs. log(ny) (different n5 values)

Vinin VS Log ny

a’ Viin
—t—e—p 10 12 14 O Legend
-0.0005 — 1000
~0.0010 2000
| 5000
-0.0015 7000
-0.0020 10000
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Stability analysis
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Background solution

® The six dimensional effective action is as follows

_ Y e o290 9560)? — L Lz~ Ligor) — A~ L, o0nf
5672/% d"xv/ g[e (R—|—4(0¢) 12U‘IB| 4|F2| 2\30|> A gHaBo O
where )
2)0g3
A= o

® 0% are scalars (these are 80 scalars coming from the T, compactification)
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Stability analysis
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No-go theorem

® The argument of the no-go theorem in [Basile, Lanza; 2020] can be repeated for
M; x S3 where M5 is a 3D maximally symmetric space (R, = g, to give

1 1
0=—— —2¢ H 2 / —2¢ H- 2 _upv
jég 36,/236 "+ 57 | & IHslue

2 v __ MN
where |H3‘wjg“ = HuMNHM

® For maximally symmetric space H,,, = ke,,, and thus,

1
Q=—— [ e (|Hs*> + 9K
L@ %Lﬁ (Il + 96)

which rules out deSitter vacuua.
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Stability analysis
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® Equations of motion (for AdS; x S3) give the following (with
¢=0,0=0,A}=0)

2 2
Ryzz = _Lgig;w Rya =0 Rab = pgab
AdS,o o
6 6
= R=- —
L/24d5 o " Lg
and 5 5
H3 = ——e€3+ ——€g3
L Ads,o R
with
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Stability analysis
0000000000000 00000

Perturbations

® |ntroduce perturbations as follows

5g;w = Myy + Mg;w 5g;¢a = Sua 5gab = Kab =+ Ngab

0By = €upUP 0Bua= Cua 0Bap = €apcV©

where H,,,, and K, are traceless
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Stability analysis
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® Impose the Lorentz like condition Vg, = Vbégab = 0 which translates as
follows
V2S,a=0 VK =0

® Also, we fix the By, field gauge to get

V2C,, =0 ViV =0
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Stability analysis
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Spherical harmonics decomposition

® Decompose the deformations in different spherical harmonics over S3

QS — Z ¢(f,0) Y(AO)

=0

5,13 Z (5([ 1)y(l 1) + 5 (¢ —1)y(€ —1) + 5(13 O)V y (&, 0))
=1

K,y = Z (K(fz 2yl | g2 yt-2) | K(f,l)v(ayé)l,l)
=2

FKETDTLYTY 4 K0T 9, Y1)
¢ Imposing gauge conditions imply

S,SZ,O) — O, K(l,:tl) _ K(Z,O) =0, Cl(LZ’O) — O, V(Z,:I:l) =0
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Stability analysis
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® One equation of motion implies
l+2)U+3)—1)BM+N —49) =0

where
M = M&0) N = N&O) b = ¢(470)

® Therefore, for £ > 2
SM+N —49 =0

but for £ = 0,1 we can’t impose this condition.
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Stability analysis
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Scalars: ¢ > 2 case

® The scalar equations can be solved to get the following mass matrix

DOM:(W+@)M+(16 _A'_%)N_F%_g

L3 2 302 s T3
o = %NH (%?2)+%>N—4v
oor= 42 (e Y (o S ()
DoV — 74K$Z%2)N+ é(eLJg Q)V

® The eigenvalues of this matrix give the masses for small perturbations
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Stability analysis
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Eigenvalues for £ =2 (n;

60
50
50
30

20~

‘ ‘ ‘ ‘ 3 log(ns)
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Stability analysis
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Scalars: ¢ =1 case

® For ¢ = 1, the mass matrix is as follows

5 2.2 812 8/(5 L2A2
O == +12A —212A 2= +A ®
oM (L?, + ° ) M+ 3[,3‘(1570” s\ 2 + A+ 5

Oold = (12125\ _ g ~30A% 4 3L§A3> M+ (1—2 _12A+ 2L§A2> U— 412055 (N +5L5 )0

15 5
D[)(I): (3A*E)M+2u+<fg+2/\)¢

e The fourth eigenvalue is unphysical (i.e. it can be removed by gauge
transformations)
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Stability analysis
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Eigenvalues for £ =1 (n;

2
ALAdS 0

40

30

20

10
L L L L L L L L L L — L L L L L L L L L L L L L IO n
3 — 1 2 3 °9)
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Stability analysis
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¢ = 0 case

® The mass matrix for £ = 0 case is given as follows

OoN = (8L % + 3A)N + 2AD

A
Oo® = 97/\/+ (8L32 — A)D

which gives the following eigenvalues

A2 =

7 L2 + (1 +V13)A

® QObserve that the eigenvalues are positive

1 A
)\12>8<L2—2>—8£Ad50>0
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Stability analysis
000000000000 e00000

Eigenvalues for £ =0 (n,

2
AL"Ads 0
35h

30
25

20F
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Stability analysis
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Small n5 eigenvalues

® Figenvalues depend on one dimensionless combination which is

An2
s=22

m

® The small ns eigenvalues are (same as A — 0 limit)
LagsAi,z = (¢ —2)

Lagshsa = ((+2)(C+4)
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Stability analysis
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Large ns eigenvalues

® The large n5 eigenvalues are as follows

lim Lags oA = 26(¢ +2)
n5 — 00

lim Lo\ = % (20 + 604 30% —2(6 + /3(1 — €2))/2(32 + 180 + 9£2))

ns— 00

lim L3gs.oAs = % (20 + 66+ 36 — 2(¢ — /31— €9)y/2(32 + 180 + 967))

ng— 0o
. 2 2 2
lim L2gs.oha = (20 604307 + 460/2(32 1 180 + 9£2))

ng — oo g
where ,
f— 14 (V2A (115 + 270% 4 54¢) + V/B)*/®
2(V2A (115 4 27¢2 4 54¢) + V/B)1/3
with
A 1 g _ _ SL(T8+376L+ 5000 4 384¢° + 186L" + 54¢° + 9(°)
(324182 +9¢2)3 - (32 + 180 + 9¢2)3
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Stability analysis
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e For £ =2 we have

(e 2) (l 2) _

lim L3, A=) = 23.496 lim 13,6 A2 =65.173
ns—00 ns — 00 ’
e For £ =1, we get the following;
([=1) _ (€=1) _
lim 12,5 OA(" Y = 46.97
ns— 00
e For ¢ =0, we get the following;
lim Ligs oAy = 5.58 lim Ligs oA~ =344

Hassaan Saleem SUNY Albany, NY

Non supersymmetric strings on AdS3 38 /53



Stability analysis
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Series expansion of eigenvalues

® A series expansion of eigenvalues can be written down (using w = sv/(27)* as the
expansion parameter), which matches the numerical results

Lgs.oha = 00— 2) + wt (132 42416+ 9132)

20+ 1)
w?l 4 o8 op 270* + 360° + 280 + 1044 + 160) 3
- (40" + 30" -8+ 80+ 32+ + O
16(¢+1)3 ( 16 + 9¢2 )
L+ 2)

L3 =(0+2 gy 4 o+2) 4 /52 + 360 + 9¢2

Ads,orza = (L+2)(L+4) + 200+ 1) (/ +404+6+4/5 +36€—|—9€)

Wil 4 2) 270* 4 180£% + 46042 4 4404 + 208

— T2 40t 4+ 200% + 7007 4+ 520 + 24 + }Jro A8
16(¢+1)3 { /52 + 360 + 9¢2 (%)
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Stability analysis
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Vectors: [ > 1

® The vector equations of motion become the following

) ) 2iroa—1) 3 2(0+1) ¢"*Y
B v AT A <(L2) * 2A> s
S+ 2, + (+20—-1) 1 a1 200+ 1) SO
DGtV = = e TS | g g G e —

¢ Not straightforward to convert to a mass matrix

* One approach to solve the problem is in progress [Work in progress|
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Future directions
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Stability of vector modes

® Are vector modes stable (i.e. have non-negative masses) for

® AdS; x S x $3 vacuua of O(16) x O(16) heterotic theory on string scale S*

® AdS; x S3 vacuua of O(16) x O(16) heterotic theory on string scale T4?
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Future directions
00000000

Torus moduli

® The one-loop correction to the potential (at an extremum o) is

2 2
P2 with A — —W/dTZ(O'*)

/ 2
le 2v T

® This gives rise to terms quadratic in o

1 0%A

-z a B
5 99900 o o" + ...

Aoy +0)=A(os) +

‘U*
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Future directions
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Torus moduli

® |f the torus moduli part of the action is

5o, /d%ﬁ( e 2%(90)2 — %Mgg aﬁ>

2

= the BF bound is L% s .,m2_ > —1 where m2_ is lowest eigenvalue of 11,3

® The kinetic term may not be properly normalized (e.g. for (G, B, A) moduli)

o~ 1. .-
L) 22/dbx\/ <—e %ﬁaua orsP — SHapo 05>
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Future directions
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Torus moduli

® Define J% as 0 = Jo‘ﬁaﬁ and then it can shown that
JTyJ=1 pw=J"nJ
® Using Cholesky decomposition
y=LTLl=J=1"=pu=(L"HTaL™?

® Preliminary work shows BF bound violations at several extrema in the T4 moduli
space [Work in progress]
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Future directions
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AdS; x 53 x K3

® |s AdS; x S3 x K3 perturbatively stable?
® Metric on K3 not known in closed form (numerical metrics are available)

® Hope at certain points in the K3 moduli space
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Future directions
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Non-perturbative stability

Are these AdS3 x S3 x S3 and AdS3 x S3 vacuua stable non-perturbatively?

Multiple fluxes — probably giant leaps in bubbles [Bousso & Polchinski; 2000][Brown &
Dahlen; 2022]

® Can't use thin wall approximation [Coleman; 1977]

® Have to worry about torus and circle moduli space

Hassaan Saleem

Non supersymmetric strings on A



Future directions
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No torus/circle moduli (Work in progress)

® We can study the stability of the O(16) x O(16) theory on AdS; x S® x S3 with
Hs fluxes on the two S3s (n5, ﬁ5) [Work in progress with Basile and Robbins]

® No circle/torus moduli
® We found perturbative instabilities (modes below the BF bound)
® For non-perturbative decays, we do find vacuua with small decay rate when n5 = ny

® Would the presence of torus/circle moduli change this conclusion?
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Future directions
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Thanks for listening
Questions?
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Extra slides
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Equation of motion (Dilaton)

1 1 3A 1
700 (2M + 3N = 46) + 10 (3M + 2N — 49) = “=(M + N) = 2V, V, H"*
+LV Ve — ! VvV, UF=0
2L, ° 2Ladso
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Extra slides
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Equation of motion (g, components)

8w trace component

12M , 3A 3
s+ (MA3N —4¢) — ==V, U" — 0y(M + 3N — 49)

Lads o L Ads,0

1 3
+§VMVZ,HW — E—ova V? —30,(M+ N —2¢) =0
8uv traceless component

2
+7g,LLI/DO (M + 3N — 4¢) - ggpwvcrvaUp =0
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Extra slides
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Equation of motion (g,, components)

gab trace component

A 1
—4L3*N + 5 (BM = 3N — 4¢) + Lgs.oVuU" = 0o (M+ N —26) + 5 VuVyH"

1
+L'V,Vve — 30x (3M + N —4¢) =0

gap traceless component

2V, V(25 ) — (Do + Ox — 2L5°) Kap — V5V BM + N — 4¢) =0
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Extra slides
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Equation of motion (g,, component)

3A
5 Sua= (0 +02) StV VaH," =2L5" V, Vot V¥, 8”3 =2V,,V4 (M + N — 20)

+2L 0450 (€up VP CVy + VaUy) —2L7" €25cVEC,” =0
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Extra slides
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Equation of motion (B field)

® B,, component

Lds o V" (BM = 3N + 4¢) — VIV, U” — O, U* =0

® B,, component
2L, VS — OgVE — €€, V,VPCH — L3IV (3M — 3N — 4¢) — VY,V =0

® B, component

A
<2 —Op — DX> Cua+ ViV C% + 2L 05 o V"' S5 — €0,V V2 U
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