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Based on:
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B Robin Terrisse & D1, JHEP (2018)
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Motivation

® Within the context of effective actions arising from critical
superstrings: realize a positive cosmological constant (dark
energy) in a controlled setting has turned out to be difficult

® Quantum ingredients bring about control issues

® Various no-go theorems in two-derivative supergravities with
classical ingredients

® (Gaugino condensation in heterotic strings does not seem to lead
to a positive c.c.

® [‘ermion condensation seems more promising in 1IA



Some background: IIA supereravities

® Dimensional reduction of CJS supergravity
Giani & Pernici, Phys.Rev.D (1984)
Campbell & West, Nucl.Phys.B (1984)
Huq & Namazie, Class.Quant.Grav. (1985)

® Romans Supergravity
Romans, Phys.Lett.B (1986)

® HILW Supergravity
Howe, LLambert & West, Phys.Lett.B (1998)

B 10d (massive) superspace
D1, JHEP (2005)




Eftective action

® ‘| he vacuum is given by:
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® | 'he type I1A 10d string effective action:

= (

Lo = % (ﬁﬂA + o (Io(R) — éfl(R) +oe) + O(O‘,4))
' <O/3 (Io(R) + %]1(3) +o )+ O(O‘A))

+0 (g?)

® Atlow energies (o' — 0), Li1a is perturbatively exactin gy



Fermionic condensates

® Nonperturbatively, fermion condensation may form in the vacuum
N =03 (W= [DaOWe 9 20

® Potential applications, to cosmology
® Single quartic dilatino term in L1714 (positive c.c. ? yes!)
® (Quartic terms identical in massive and massless [1A

(conjectured by Romans; easily shown in superspace)
® Could « simply » be read off from the original literature
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The quartic fermion terms are
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(Quartic fermion terms

® | 'he literature:
Giani & Pernici, Phys.Rev.D (1984)
Campbell & West, Nucl.Phys.B (1984)
Huq & Namazie, Class.Quant.Grav. (1985)
Nicoletti & Orazi, Int.J.Mod.Phys.A (2011)

does not seem to be in agreement!
S. Theisen & DT, (2013)

® (alculate from scratch in superspace gives agreement with GP
B.Soueres & DT, (2018)



Gravitino condensates in 11A

® Whatis the origin of the condensate ?

® |n the 4d path integral over metrics, fermion condensates
arise from zero modes of the Dirac operator in
gravitational instanton backgrounds

Gibbons, Hawking & Perry, Nucl. Phys. B (1978)

® ‘| he dominant instanton contribution comes from the
ALLE spaces, classified according to their Hirzebruch
signature T

® In the ALK background there are 27 spin-3/2 zero modes
and no spin-1/2 modes



Gravitino condensates in 11A

® Construct a 4d universal consistent truncation of 11A on
CY in the presence of fluxes & gravitino condensates

® [nteresting/novel in its own right

® Captures the universal sector (common in all CY) of the
effective action

B Facilitates the search for vacua



Review of 4d IIA CY compactification

® One gravity multiplet (metric, one vector)
m h'! vector multiplets (one vector, two real scalars)
m A5l 41 hypermultiplets (four real scalars)

B B-field and Kihler deformations

1.1 1.1
B=p3)+ Y x*@et(y); idgy =Y v(x)elky)
A=1 A=1
B RR-potentials and complex-structure deformations
12,1
6ga5 = ) (T (@)% @0u(y) 5 Cr = a(x) ;
a=1
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Review of 4d IIA CY compactification

® One gravity multiplet (g,,,, @)

m h'! vector multiplets (v4, v4, x4)

® h%! + 1 hypermultiplets (€,&', ¢,b), (¢, £%)

B B-field and Kihler deformations

1.1 1.1
B=p3)+ Y x*@et(y); idgy =Y v(x)elky)
A=1 A=1
B RR-potentials and complex-structure deformations
12,1
6ga5 = ) (T (@)% @0u(y) 5 Cr = a(x) ;
a=1

pl:1 B21

Cs = —% (E(aﬁ)hﬂflQ + f’(w)ReQ) + Y @) net(y) + ( > (@)@ (y) + C-C-)

A=1 a=1



Review of 4d IIA CY compactification

® One gravity multiplet (g,,,, @)

m Al vector multiplets (v4, v4, x4)

® 15! 4+ 1 hypermultiplets (€,&', ¢,b), (¢, £%)

B Universal sector

(g,ul/a CV)? (77 U, X)a (67 €/7 ¢7 b)



Reduction ansatz (bosonic)

B Metric

ds%m) = 24®@) (eQB(w)ngaz“da?” + gmndymdy”>

® Kluxes

F=da; H=dysJ+dj3;

G = pvoly + tcoJnd + Ja(dy — a Ady) — 3dEAImQ — 2dE'\ReQ
® Automatically obey the Bianchi identities

dFfF =0; dH=0; dG=HAF



Reduction ansatz (bosonic)

B Internal Einstein eom

1 1

1
0 — 6—8A—2Bv,u (68A+2B8NA) o —63¢/2_2A_2Bd042 4+ _€—¢—4A(ax)2 — e

32 8 48
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B L xternal Einstein eom
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Reduction ansatz (bosonic)

B Dilaton eom

0 = ¢ 10A—4Byu (€8A—|—QB(9M¢) B 16¢/2—8A—2B {(85)2 +(8EN?| — §€3¢/2—4A—4Bda2

4 8
3 1
+ _€—¢—6A—23(8X)2 4 _6—¢—6A—63h2
2 12
4 ie¢/2—8A—Sng2 . che¢/2—8A B ge¢/2_8A_4B(d7 —a A dX)2

B [-form eom

d(e3?/2164 5, da) = pe?/2T24-4845 — 3e9/224dy A xq(dy — oo A d)

® H-form ecom
d (e_¢+4A+QB *q dx) = copvoly + (dy — a Ady) A (dy — a A dy)

— e?/2T24q 0 A kg (dy — a A dy)
d (6_¢+4A_ZB *y df) = 3co(dy —aAdy) —dEAdE + e®/2+24-4B 14



Reduction ansatz (bosonic)

B G-form eom

d (eW 2424428 dg) — hade!
d (e¢/ 2424428 dg’) — _hade

d (e¢/2+2A x4 (dy —a A dx)) = 2dxAdy + codf

together with the constraint:

o = —3cyye ¢/2184

B Action

. :/ d'ey/g(R = 24(04)7 = §(96)? — S~ 79(0x)? — Je 49/ [(9€) + (9¢)?]

1 €—¢+12Ad62 9 _—¢/2—184 2.2 3 ¢/2—14Acg)

_ 1,3¢/246A 3,2 _ %6¢/2+2A( %¢ 2x2 — e

I dy — ardy)® —

+ /SCodfyAﬁ + 3cox andB + 3y dyady — BadEndE’



Reduction ansatz (bosonic)

B |[n terms of the axion
d8 = e 1 4 [db+ 2(6dE — £'dE) + 3co (v — x)]
B Action

S, :/d4m\/§(R — 24(0A)? — 1(9¢)? — 2e7A9(9x)? — Le OAT/2 [(96)? 4 (9¢)?]
— 3220440 — 3022 (dy — andy)® - 571 (db + w)°
— Ze —¢/2-18A 2,2 %6¢/2 144 0) —I—/SX dyady
where

= 5(&d¢" = £'d€) + 3co(v — xa)



Reduction ansatz (bosonic)

® [nclude background three-flux

1

1 1 1
G = pvoly + §COJ/\J + Ja(dy —aAdy) — §D§A1mﬂ — §D§’AReQ

where

DE =déE+ bia; Df/ L= dfl + boav 3 bg = 101 + bo

B Action

Sy = / d4x\/§<R—24(8A) — 1(0¢)? — 3e7472(0x)? — Le 892 [(DE)? + (DE')?]

o %€3¢/2—|—6Ada2 3 ¢/2—|—2A(d,y o Oé/\dX) o _eqb 12A (db+w)

B ;B—QS/Q 18A(360X_E)2 B §€—¢ 12A|b ‘2 3 o®/2—144 0) +/3X dryndry

where
= 1(¢d¢’ = €'dE) + 3co(y — xa) + Za;  Ei=byé — bi&



I1TA consistent truncation with condensates
® ThellA (pseudo)action

1 .
S = Sb + /dlox\f{ ( FMNPV \pr) -+ §G5¢/4m(\PMFMN\IfN)
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® (ives the correct bosonic eoms in the presence of
gravitino condensates (parameters of the effective action)

® [Fermionic eoms automatically satisfied




I1IA consistent truncation with condensates

® (Gravitino ansatz for 4d condensates
U =035 V=t @n—v,-@n°; VY, =, , 0=, @n
® ALK zero modes (Kuclidean signature)

Y =yt =
B Sct
A= (Bury™ ) = = (Pl )

3 5 - ~
b= —i(w['“wz//])Q + (wlu/ypl/@b;i)(wpww) + 3(77&[#17/#2,&31%&4])2

where

L\Ij4 — 6_4A_4BB

® Rewrite the 10d (pseudo)action in terms of A, B



I1IA consistent truncation with condensates

B [xpected form of the 4d condensates
A~ (P ") oc Mp e

Hawking & Pope, Nucl.Phys.B (1978)
Konishi, Magnoli & Panagopoulos, Nucl.Phys.B (1988)
where

SO _ 510/ / d$4\/§R N VRKLA,LU/
2/432 M, Al
is the 4d effective action arising from compactification of the
10d Seq (including one-loop and cight-derivative corrections)
evaluated at the instanton solution M, x Y, and

1 N 1
T = 487-‘-2 d$4\/§R,€)\’u1/R Ap ] 61 = 2l2 dGCU\/_Rmnkl

so that

A 18—16—c (Iy /1s)? . B 18—26—2c (Iy /1s)?



I1IA consistent truncation with condensates

B Internal Einstein eom

0=e 3472BVH (341259, 4) + ...

n % (¢6¢/4—4A—4B B Coegb/4—4A) A— é€2A+ZBL\II4

B L xternal Einstein eom

1 _4A—
RELALV) L 5gwec/b/zl 4A=4B , A

® Dilaton eom
0 — o 10A—4Byu (€8A+238M¢) NI %(3606¢/4+2A 1 S06¢/4+2A—4B)A

B [-form, H-form ecoms
d(e39/2764 5, da) = ... +e?/4T44728 4 453
d (e_¢+4A_QB *4 dﬂ) = ... +4e?/ATAAT2B 4 qq

® G-form com unchanged except for the constraint

o = o—®/2—184 (E — 3eoy — €¢/4+12AA)



I1IA consistent truncation with condensates

B Action

S, = /d‘lwg(}z — 24(0A)? — L(09)* — 3e7472(0x)? — Le 0ATP/2 [(DE)? + (DE')?]

— 1e38/246Aq2 _ 308/242A(dy _ qady)? — LefT12A(db + )2 — V) n /3X dyndn

and

p®/2—14A 4 2]b0]26_¢ 12A 300A6¢/4—4A + AR

V(x, &€ ¢, A) =

§
2 €
1
2

2
+ (AGSA + (3cox — E)e_¢/4_9A>

® | he axionic scalar b and two out of ¥, &, £ remain flat directions



Vacua

® Maximally-symmetric solutions are obtained for

Oé:")/:o
and

QV(X()? 507 567 ¢07 AO) =0
® ‘| he Einstein equations give

R — 36(2)6¢0/2—14A0 _I_ ’b0’2€—¢0—12A0 L SCOA6¢Q/4—4AO

+ (3coxo — Eo)%e” /271840 4 (Begxg — Zo) Ae 0/ 4040



Vacua

B [For ¢o # 0, B > 0 this system admits de Sitter solutions
parameterized by the condensates and ¢o, Ao

1 -
o = - (Ag1/4 1240 :0)
Co
1
0= 55 — g /41040 (7A + /4942 + SOB)
3
bo|? = oo goet™ e (408 2142 F 3A\/49.42 + SOB)

where g, := e?® and we may absorb e4ein Iy ; F4 > 0

® ‘| aking into account the expected form of the condensates,
the Einstein equation determines the scalar curvature to be

Ras = 3¢5 |bo|? ox 1522 (v /L)

® We have verified numerically that the nonzero eigenvalues of
the Hessian are positive at the solution



Vacua

® Four-flux quantization  [,, G € Z implies

4 2
na X 9;1/4(31) e~ (x /L) 50l(Cy)

S

where vol(C4) 1s the volume of C4 in units of Iy
(Can be solved for vol(C4) of order one by tuning g, < 1

® Note that gs, Iy can be tuned independently

B Given ny4 this fixes the Kiahler moduli in units of Iy
(so that the value modulus remains unconstrained)

® Higher-order flux corrections are controlled by |g,G| ~ g2/*

B | 'hrece-flux quantization 3 [, H € Z fixes the complex structure



Conclusions

® We constructed a 4d consistent universal truncation of IIA on
CY in the presence of background fluxes and gravitino
condensates induced by (ALLE) gravitational instantons

® ‘| he truncation admits de Sitter solutions (which are local
minima of the scalar potential) in the perturbative regime,
supported by the gravitino condensates

® | he solutions rely on the quartic condensate being positive. It is
crucial to check whether or not this condition holds! Need the
form of the Dirac zero modes in the background of the second
instanton in the ALK series



Conclusions

® '| he condensates are controlled by the iy /1, ratio
B String loop corrections can be tuned to be negligible

® | 'he ly /I, ratio can be tuned in accordance with current
cosmological data. '1'his requires

l4_d2 ~ Ryq 13_26_26 (Iy /1s)?

and can be achieved for ly /Il ~ 10, ¢ ~ 1, assuming

2
g (1) 10712

M2 laa

® 4d higher-order corrections are controlled by /144,
and can be tuned to be small

m (ly/ls)? corrections at the two-derivative order are 1% or less



Conclusions

® [Kmbed in 4d (gauged) supergravity

® [nclude other light modes — stability

® [Fluxed instantons

® (alculate the condensates in string theory



