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Checklist for dS:

O Backreaction of ingredients

Q Stability

O Viable Range of Parameters

1 Correct set of moduli

O Higher Dimensional Consistency
This Talk
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Why 10-d?

* “10-d Einstein Equations are identical to the ( V| — A
4-d effective potential minimization conditions { ™"
Why not just work with 4-d effective potential?” \ain |min =0

o Backreaction: 4-d EFT can often hide backreaction effects.

A short selection...

Bena, Grana, Halmagyi, 09; Dymarsky, *11; Bena, Giecold, Grana, Halmagyi, Massai, ’11;
Bena, Grana, Kuperstein, Massai, *14; Michel, Mintun, Polchinski, Puhm, Saad, ’14;
Cohen-Maldonado, Diaz, Van Riet, Vercnocke, ’15; Armas, Nguyen, Niarchos, Obers, Van Riet, 18;

Moritz, Retolaza, Westphal, *17, °19

Hamada, Hebecker, Shiu, Soler, 18

Gautason, Van Hemelryck, Van Riet, *18

Bena, Dudas, Grana, Liist, ‘18

Carta, Moritz, Westphal, *19; Gautason, Van Hemelryck, Van Riet, 19; Hamada, Hebecker, Shiu, Soler, *19
Bena, Grana, Kovensky, Retolaza, *19

Bena, Buchel, Liist, 19

+ everyone at this conference...?



Why 10-d?

* “10-d Einstein Equations are identical to the t
4-d effective potential minimization conditions < i
Why not just work with 4-d effective potential?” aPiV| =0

o Backreaction: 4-d EFT can often hide backreaction effects.

o Moduli:

— Need to be sure 4d degrees of freedom are correct.
Ex: Volume Modulus in Warped (GKP) Backgrounds

d5120 — eZAO(y) ﬁuv dxPdxV + e—ZAO(y)gmn dymdyn GKP, ‘01
10-d EOM: Gy — k3o Ty =

modulus is trivial d,L=0
= — ~440) = 0 = FEither: g
2 (a“L) (Ome )=0 warp factor is trivial 9,,e~%40 =0

Correct form for the volume modulus is c(x) ~ L*:
ds?, = 29 [6_4‘40(3’) + c(x)]_l/2 Ay dxtdx? + [e‘4A0(y) + c(x)]l/zg'mn dy™dy™
— 2[4 4 c(x)]_l/zeZQ (0,¢) (0m K(y)) dxtdy™

1
e 700 = c() + 5[ JFeH

Giddings, Maharana, *05
Frey, Torroba, Underwood, Douglas, 08
Koerber, Martucci, ’07; Martucci, ‘09, ‘14



Why 10-d?

* “10-d Einstein Equations are identical to the
4-d effective potential minimization conditions <
Why not just work with 4-d effective potential?” { “r:

o Backreaction: 4-d EFT can often hide backreaction effects.

o Moduli:
— Need to be sure 4d degrees of freedom are correct.
— 4-d EFT must know dependence on correct 4d degrees of freedom.

For the correct metric:

ds?, = 29 [6_4‘40(3’) + c(x)]_l/2 Ay dxtdx? + [6"4‘40(3’) + c(x)]l/zgmn dy™dy™

— 2[4 4 c(x)]_l/zeZQ (9,¢) (0 K()) dxtdy™

1
— —2Q(x) — ~ —4A
3 tension~ 2 Ty e*4 e* = — 3 _41411 e 20 = c(x) + ﬁf Jge o
Vw e 0+c
<C+T) Giddings, Maharana, 05
T3 ) Frey, Torroba, Underwood, Douglas, 08
= for weak warping Koerber, Martucci, *07; Martucci, ‘09, ‘14
reproduces ~ Tye—*40

for strong warping



Why 10-d?

* “10-d Einstein Equations are identical to the ( V| — A
4-d effective potential minimization conditions { ™"
Why not just work with 4-d effective potential?” \ain |min =0

o Backreaction: 4-d EFT can often hide backreaction effects.

o Moduli:
— Need to be sure 4d degrees of freedom are correct.
— 4-d EFT must know dependence on correct 4d degrees of freedom.

— 10-d analysis insensitive to precise moduli dependence — “On-shell”
Gautason, Van Hemelryck, Van Riet, ‘18

Dimensional Reduction of Action 10-d Trace-Reversed
1 1
S10 = f\/glo <R10 - EFp2> Run = Tun — ggMNTLL
2 Vv
Verr(01) ~ +|Fp| eff | i
“off-shell”: “on-shell”:
good if you know full moduli dependence gives value of cc at minimum

can’t tell you about stability

could be misleading if you don’t!
doesn’t need moduli dependence



Why 10-d?

* “10-d Einstein Equations are identical to the ( V| —
4-d effective potential minimization conditions { ™"
Why not just work with 4-d effective potential?” \ain |min

o Backreaction: 4-d EFT can often hide backreaction effects.

o Moduli:
— Need to be sure 4d degrees of freedom are correct.
— 4-d EFT must know dependence on correct 4d degrees of freedom.
— 10-d analysis insensitive to precise moduli dependence — “On-shell”

o Model-building:
10-d analysis can point towards new sources & mechanisms to getting dS.

— Negative Curvature
Douglas, Kallosh, ‘10

— Gaugino Condensation (4-fermion)
Hamada, Hebecker, Shiu, Soler, ’18; Kallosh, 19 Carta, Moritz, Westphal, 19;

Gautason, Van Hemelryck, Van Riet, 19;
Hamada, Hebecker, Shiu, Soler, ’19

— Quantum Corrections
Dasgupta, Gwyn, McDonough, Mia, Tatar, ‘14
Dasgupta, Emelin, Faruk, Tatar, ’18, 19 x 2,
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Some Constraints on dS

Gibbons/Maldacena-Nunez (GMN) Gibbons ‘84

Malacena, Nunez ‘00

ds = Q*(y) (G dxtdx + Gy dy™dy™)

17: \/EVZ Ob- 2_ j\/_‘QD Tmatt Tmatt=4T$—(D—6)Tuﬂ
PR
Takeaways Total derivativer
1. To get dS, matter must satisfy ~[ Q° T™t <0 = [QP[(D -6)T; —4 T >0
Op-planes Jar|ry -] >0

(TOP);, — (TOP)7t ~ |Topl > 0  O3-planes can evade this constraint. (GKP has 03)

2. Negative Curvature needed?
R,V = —2R, — T, + warping
Douglas, Kallosh 10

Advantages: Disadvantages:
* Not specific to a background e Assumes Einstein Equations
e Simple! * Integrated Constraint: no singularities or

boundaries in internal dims



Some Constraints on dS

* GKP Tadpole Constraint GKP, '01

de Alwis, ‘03

ds3 = e*40) g, (x) dxtdx’ + e 24V g, dy™dy™

D eZA 2 6 2 eZA 1 u
— ~ - - — m
R4——fﬁ[mlG3I +e7C |de_|? +—— 4|, A= (TR =T, —4usps)
Gsv_:Gg_i;Gg, CD_:e4A_a
Takeaways
1. To get dS, matter must satisfy Je* T — Tt + 4 uzps] >0

(Compare to (GMN) [ QP [T;i — T > 0)

03-planes no longer evade this constraint.

Advantages: Disadvantages:
« Also uses Fz Bianchi Identity e Assumes EEs & IIB SUGRA
* Simple constraint on matter * Integrated Constraint: no singularities or

boundaries in internal dims



Some Constraints on dS

Raychaudhuri Null Energy Condition Das, Haque, Underwood, ‘19
ds? = 02(2) (—dt? + a?(t) d2% + g, dz™dz™)

= Q*(x,y™) (—dt? + a®(t) dX* + dx? + f2(X) Ginn dy™dy™)
Similar to “warped throat” form

ds? = e?4 (—dt? + a?(t) dx?) + e % (dr? + f2(r) Gpupdy™dy™)

(We will relax this structure later)



Some Constraints on dS

* Raychaudhuri Null Energy Condition Das, Haque, Underwood, ‘19
ds? = 0%(2) (—dt? + a?(t) d¥2 + Gy dz™dz™)
= Q*(x,y™) (—dt? + a®(t) dX* + dx? + f2(X) Ginn dy™dy™)

Null, affine vector: NM =072(1, 0, 1,6)
t, %, x ¥
7 .
| Expansion 6:
Raychaudhuri equation for null vectors N ey  Rateof change of area
> perpendicular to bundle
w___1 0% — oyno™N — RyyNYNN
d D—2 MN MN

¢—1TD 9,(v=g0 N*) = Q72 [3H +a,log(QP% f" ()]

Shear Tensor oy = % (VyNy + VyNy) — ﬁ Ay @

Expansion 6 =

Transverse metric

3(H +H2) =Ry + (D —2) (9, 10g2)° - 03log0| — Q* Ryy NYNV

Let’s examine the consequences of this expression.



Some Constraints on dS

* Raychaudhuri Null Energy Condition Das, Haque, Underwood, ‘19

dsi = 0%(x,y™) (—dt? + a?(t) dx? +fl)(2 + 200 Gmn dymdyln)
T

g_mn

Let’s examine the consequences of this expression:

3+ H?) =Ry + (D —2)|(9,10g0)" — 0210 Q| — Q* Ryw NNV

Must be
(+) Must also be (+) for dS
for dS

Takeaways
e H = 0 for dS: LHS is positive = RHS is positive



Some Constraints on dS

e Raychaudhuri Null Energy Condition Das, Haque, Underwood, ‘19
ds = 0%(r,y™) (—dt? + a®(£) dZ + dx® + f2 () Gn dY™dY™)
Al
’ . . . gmn
Let’s examine the consequences of this expression:

3 +H2) =Ry + (D —2)[(dlog)” —a2log0| —Q
Negative . , Null Energy Condition
curvature Trivial Warping? Ryny NMNN = T,y NMNN > 0

doesn’t help
Takeaways
e H = 0 for dS: LHS is positive = RHS is positive
e No dSif — Must violate

at least one
>—  of these
conditions to
get dS

*  Curvature is non-positive R,,,, < 0
*  Warping () ~ const
*  Null Convergence Condition/NEC satisfied Ryy NNV > 0




Some Constraints on dS

* Raychaudhuri Null Energy Condition Das, Haque, Underwood, ‘19

dsi = 0%(x,y™) (—dt? + a?(t) dx? +fl)(2 + 200 Gmn dymdyln)
T

g_mn

Let’s examine the consequences of this expression:

3+ H?) =Ry + (D —2)|(9,l0g0)" — 0210 | — 0¥ Ry NNV

J
Independent
of Must also be independent of
{x, ym} y™}
Takeaways
e H = 0 for dS: LHS is positive = RHS is positive
e No dSif — Must violate

at least one
>—  of these
conditions to
get dS

* LHS s independent of {), y™}, so RHS must be independent of {y, y™}

If source of dS is NEC violation, it must violate NEC
homogeneously pointwise throughout the extra dimensions. Douglas, Kallosh, ‘10

*  Curvature is non-positive R,,,, < 0
*  Warping () ~ const
*  Null Convergence Condition/NEC satisfied Ryy NNV > 0




Some Constraints on dS

* Raychaudhuri Null Energy Condition - Generalized pas, Haque, underwood, ‘19
dsi = 0%(x, y™) (—dt? + a?(t) dX? + G, dy™dy™)

Null, affine vector: NM — Q_Z(l,()), ﬁk " spacelike affine unit vector
y

Pick your favorite direction!

3 + H?) = Ry ™™ + (D — 2) A™i"|,, log Q 9, log Q — ¥,,0, log Q] — Q* Ry NNV

3(H+H?)= R+ (D —2)[(0,10g Q)" — 32 log Q)] — Q* Ryyy NMNV
Previous Case
Takeaways
e H = 0 for dS: LHS is positive = RHS is positive
e No dSif — Must violate

at least one
>—  of these
conditions to
get dS

* LHS s independent of {), y™}, so RHS must be independent of {y, y™}

If source of dS is NEC violation, it must violate NEC
homogeneously pointwise throughout the extra dimensions. Douglas, Kallosh, ‘10

*  Curvature is non-positive R,,,, < 0
*  Warping () ~ const
*  Null Convergence Condition/NEC satisfied Ryy NNV > 0




Some Constraints on dS

e Raychaudhuri Null Energy Condition - Generalized Dpas, Haque, underwood, 19

Null, affine vector:

dsi = 0%(x, y™) (—dt? + a?(t) dX? + G, dy™dy™)

) ﬁk "™ spacelike affine unit vector
Y Pick your favorite direction!

l

NM = Q~%(1,
t,

ST

3 + H?) = Ry ™™ + (D — 2) A™i"|,, log Q 9, log Q — ¥,,0, log Q] — Q* Ry NNV

Advantages: Disadvantages:

Not specific to a particular background * Not so simple anymore?
Does not assume Einstein Equations

Multiple conditions: one for each choice

of direction 77 in extra dimensions



Some Constraints on dS

 Comparing to GMN & GKP Energy Conditions

Does this source GMN GKP Raychaud. NEC
evade the dS ~ m y ) m i ) T NMNN < 02
constraint? T~Tm _Tﬂ < 0 A"’Tm _TI/L —4H3p3 < 07 MN < U
p-form
Fluxes
A NO NO NO
Tyn = ZPFMaZ...apFN P
~gun F?
Op-planes
TP = |Top| guv 8(2) YES NO NO
TP = |Top| NZy 8(Z) (pointwise)
D-dim CC YES YES NO
A _ ~
Tiin = ~Ap gun T ~—8Ap A~ —8Ap THWNYNY =0
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Some Examples of dS Lesson:

* Positive, not negative,

Let’s examine some existing dS solutions through this lens... curvature is a way to get bulk
solutions with dS,

e Freund-Rubin + Bulk CC
dS, S?
Ingredients: ds§ = L% g, dx*dx” + L*(dx? + sin® y d¢?)

* Positive curvature S? 1
 2-form flux along sphere | S¢ = [ d®x\/—gq lMg Ry — Ag — ) Fzzl

* 6-DCC
2 _ D ' 4 M prN
3H?2 =R, + - — Q% Tyy NYN
iti . . Null E Conditi
P05|tt|ve Trivial Warping ull Energy Condition : fz
curvature
Run NYNY = Ty yN¥NYN = —— 2. >0
~ 2 2M; L
3H2 —_— le _ 1 f2 Vst :
2L 2MEL® 3
Puzzle: I W .. SO romst
We know that Ag = 0 gives AdS. ' B L AB:EE
----- /\e=§f2
But Ag doesn’t appear in the constraint equation. Ae=
How does it “uplift” in this perspective? Turning on Ag shifts the minimum
to larger L, changing the balance
of terms in the constraint. [Shiu’s Talk?]




Some Examples of dS

Let’s examine some existing dS solutions through this lens... with local objects (e.g. branes)

dS in RS (Randall-Sundrum)

7 ]

M

Lesson:
*  “Uplift” of bulk solutions to dS,

requires global backreaction on
warp factor.

Ingredients:
*  Warping

* Localized branes
* 5-D CC (negative)

dsis = e?4@D g, dxtdx’ + dz*

= e240( g, dxFdx” + dy?)

Ea

>

° AllAZ |Oca|ized, TMNNMNN ~ 5(Z)
«  Bulk CC saturates NEC T3y NMNY = 0

~

3HZ =1, + (D — 2) l(axlogﬂ)z —aflogﬂl —Q*Ty,

Zero
curvature

* RS warp factor, e4X) = y/L

Using RS warp factor,

get 4d Minkowski!
( “Tuned”

(6Xlogﬂ)2 —0d7logQ=0 = 3H*=0 A =~y =L Ms |Ag|
* De-tuned warp factor, ed@) = \/A_4 L sinh (Z*L_Z) [Randall’s Talk]
2 5 _ 5 “De-Tuned”
(0,logQ)" —02log=A, = 3H*=3A, 2 = 6™ coth
dS comes from Warping! Kaloper, ’99; DeWolfe et al, ’99; Kim, Kim, ’99; /12 — _6LM_g cotlLlﬂ
Tye, Wasserman, *00; Karch, Randall, ‘00 L L



Some Examples of dS Lesson:

*  “Uplift” of bulk solutions to dS,
Let’s examine some existing dS solutions through this lens... requires global backreaction on

warp factor.

* “Classical” dS Solutions* in Massive IIA with 08

OS8. 2 _ 2W(2) a5 U A~V —2W(2) 2 2A(2) 2

)8, dsfy =e Juv dxHdx¥ + e (dz? + e dspy. )
Ingredients: Cordova et al, 18

onFy = +4 ITFy = —4 Cordova et al, ‘19

*  Warping

* Negative curvature Ms
* Localized branes 08
O8_ * Romans Mass F,

* Dilaton ¢

NM = Q—z(l, 0, ﬁm) "™ spacelike affine unit vector
3H? = Ry, AMA" + (D — 2) AM#A"[0,, log Q 0,, log Q — 7,0, log Q] — Q* Tpyy NMNV
Numerical Solutions (near 08, @ z = 0):

F,
—4W _ 0 2 2 3
= —2ci A o0
e c; + NG Z ci Ay 27+ 0(z°)
Etc... for ¢(z),A(2)

*  Warp factor gains explicit dependence on A,
* Dependence on A, not necessarily localized

*Still some uncertainty about boundary
conditions of fields at location of O8_
Cribiori, Junghans, ‘19



KKLT

Ingredients:
bulk CY * Warping
Q * Ricciflat R

*  Fluxes (G, F5)
 Localized branes 03,D3, D7

D3 B %
warped throat ﬂ(

KKLL 03, Gaugino cond. on D7
Figure adapted from Baumann et al, ‘08
2 _ ,2A0) A U A~V -2 W) 5H m j.,n GKP, ‘01
dsip =€ Juv dxtdx’ + e Imndy™dy KKLT. <03
* Deep in throat (~AdS throat)
r? L?
2 A u v — 2 2 2
dsip = 77 Juv dxH*dx +r2 (dr +r dSS)
=L (5, dxtdx® + dy? + y2ds? (3,10gQ)” —32logQ = 0
_P(guvxx‘l')(‘l')( 5) x 108 x 10834 =
3H°=R,, + (D —-2)|(0,1logQ)” —0:logQ| — Q* Tyyy NYNN
Ricci-flat No warp factor contribution in Homogeneous NEC Violation?
warped throat * (AA): localized on/near D7-branes
« D3: localized in warped throat (M#C)
+ Gy = GI™ 4 5G [Shiu's Talk] (L)

Questions:
*  Where will homogeneous (not localized) violation of NEC come from? Carta, Moritz, Westphal, °19

Gautason, Van Hemelryck, Van Riet, 19
* If warp factor plays a role in this constraint, then expect global backreaction Hamada, Hebecker, Shiu, Soler, ’19

on warp factor e ~ e40tH7 ? (¢ f dS in RS)




KKLT

bulk CY

warped throat

KKLT, ‘03

Figure adapted from Baumann et al, ‘08

ds?y = e?AV g, dxtdx’ + e 4O g, dy™dy™

* More generally...

Ricci-flat

Ingredients:
*  Warping
* Ricciflat Rg

*  Fluxes (G, F5)
 Localized branes 03,D3, D7
* Gaugino cond. on D7

Fixed (at high scale?) by fluxes and O-
planes, does not contribute to dS,? .

GKP, ‘01
KKLT, ‘03

—e*A Ty y NYNV

Homogeneous NEC Violation?

(AA): localized on/near D7-branes

» D3:localized in warped throat

*  “Non-local” contributions from gauginos?

Questions:

on warp factor e4 ~ e4otH7 2 (¢ f. dS in RS)

*  Where will homogeneous (not localized) violation of NEC come from?

* If warp factor plays a role in this constraint, then expect global backreaction




Summary

Several different constraints on dS from higher dimensions
o GMN, GKP
o Raychaudhuri NEC: Non-positive curvature + trivial warping + NEC = no dS

3H? = Ryy + (D — 2) (9, 10g 0)” — 92 log | — O Tyyy NNV

Raychaudhuri NEC has advantages:

Not specific to particular background

Local, not integrated: Must satisfy at every point

Does not assume Einstein Equations

Multiple Conditions: one for each choice of internal null vector

Strong: Matter which “passes” other dS constraints doesn’t pass Raychaud. NEC

O O O O O

Application of Raychaudhuri NEC to dS solutions gives some

Take-Home Lessons:
o Positive, not negative, curvature is a way to get bulk solutions with dS,
o “Uplift” of bulk solutions to dS, with local objects (e.g. branes) requires global
backreaction of warp factor.

Would be interesting to see how this works for KKLT?
o Where will homogeneous (not localized) violation of NEC come from?
o If warp factor plays a role in the constraint, then expect global backreaction on warp
factor.
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Apparent Horizons

Oppositely oriented affine null rays N (outgoing) N (ingoing)

Expansion 6, = 6 —9gp N1 "
P £ A( Yo ) | Expansion 6:
ey  Rate of change of area
Ex: — perpendicular to bundle

FRW Cosmology ds? = —dt? + a?(t) (dr? + r2dQ3)

1 1
M _
Ni - <Eti?10;0>

2 1 2 1
- 0, =—|H+—], 6. ==|H—-—
a ar a ar
e Forar <H™ !, 6, - positive, 6_ — negative “normal region”
e Forar > H™!, 6, - positive, f_ — positive “anti-trapped region”
e Forar =H™ !, 6, - positive, 6_ — zero “apparent horizon”

apparent horizon”

“normal” “Anti-trapped”

ﬁ?ﬁ




Expansions in Compact Space

* Simple Example: an S?

ds? = —dt? + R*(dy? + sin? y da?)

1
N = (1,i—,0>

., x «a

cot y

Expansions 0, = +

e Diverge atthepolesy - 0,

. §+ positive for 0 < y < %, negative forg <y<m
(and visa-versa for 6_)

« 6, = 0on equator

Integral of the expansion vanishes:

2l —_ Equal amounts of positive
@ G-I—,<X da =0 and negative expansion.
V32 éi = am(@ Ni* )

Expansion is a total derivative
on compact space




Expansions in Compact Space

Das, Haque, Underwood, ‘19

Extend this example: FLRW X S?

ds? = —dt? + a?(t) dX? + R?*(dx? + sin? y da?)

1
NM=1{1,0+—=,0
t=(1ox0)

t, x, ¥, «

Apparent Horizon

=sas BAppaI'ent Horizon
y . cot
+ Expansions Bi =3H + *

* Both 6, & 6_ are positive in a narrow band below
the equator /2 < y < /2 + cot 1 (3HR)

Since H R < 1, expect
anti-trapped region to be e Similarly, both 8, & 6_ are positive in a narrow

quite “thin” band above the equator as well.
— Anti-trapped region?

* The boundary to these regions has 8, = 0 and
6_ > 0 (and visa-versa)
— Apparent horizons?

These apparent horizons are also (inner past)

trapping horizons when
(1 + (3HR)?)
22 >0

L,0_>0 = 3H+



Horizons in Compact Space

Das, Haque, Underwood, ‘19

True more generally — any direct product of
FLRW with a compact space will develop an
anti-trapped band

ds? = 0?(y)(—dt? + a®(t) d%* + Gmn(y) dy™dy™
* Anti-trapped region arises from shear
— null rays at fixed co-moving coordinates X expand
due to the expansion of the universe
— but expansion 6. is a scalar, cannot be decomposed

into “parallel” and “shear” components.
* Null rays can traverse from one end of compact
space to the other in finite (affine) time

— What is the physical significance of the anti-trapped
regions and apparent horizons?



