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Good Things from

geccs  Brane Backreaction

\ Natural hierarchies and

cosmology from higher
codimension branes
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* Setup

» A 6D example
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Calculation
» Maximally symmetric geometries
» FRW geometries




Motivation

* Few honest-to-God extra dimensional
cosmologies exist
» work 1n 4D effective theory

» work with moving branes 1n static backgrounds
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* What do extra dimensions do during inflation?
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Motivation
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 Few honest-to-God extra dimensional
cosmologies exist
« work in 4D effective theory
« work with moving branes in static backgrounds
« What do extra dimensions do during inflation?
* Brane back-reaction can be important for low-
energy naturalness problems

e RS models include codimension-1 back-reaction
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 Few honest-to-God extra dimensional
cosmologies exist
« work in 4D effective theory
» work with moving branes 1n static backgrounds
 What do extra dimensions do during inflation?
* Brane back-reaction can be important for low-
energy naturalness problems
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Naturalness
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* The
Standard
Model

L=EDE + LDL +0DQ +UDU + DDD
+B,_B* +W W™ +G*G" +G°.G™
+H(Ly,E)+H(Qy,D)+H (Qy,U)
+D H D*H +(H H-m*

A theorv onlv a mother could love.___.
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» Ideas for what lies beyond the Standard Model are
largely driven by ‘technical naturalness’.
» Motivated by belief that SM 1s an effective field theory.

Lsy = m” H"H + dimensionless
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Naturalness

BUT: effective theory
can be defined at
many scales
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» Ideas for what lies beyond the Standard Model are
largely driven by ‘technical naturalness’.
» Motivated by belief that SM 1s an effective field theory.

Lsy = m” H"H + dimensionless
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Naturalness

BUT: effective theory
can be defined at
many scales
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Naturalness

BUT: effective theory
can be defined at
many scales
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Naturalness in Crisis
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» Ideas for what lies beyond the Standard Model are
largely driven by ‘technical naturalness’.
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BUT: effective theory
can be defined at
many scales
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Naturalness in Crisis
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» Ideas for what lies beyond the Standard Model are
largely driven by ‘technical naturalness’.
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Naturalness in Crisis

Can apply same argument
to scales between TeV and
sub-eV scales.
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Naturalness in Crisis

f

Ji Integrating out the electron already
gives too large a contribution!!

Cosmol t_'!;_-‘:;,;ﬁ constant problem: Why is
u~ 107 eVratherthanm,, M, , Mq;ror M,,?




Naturalness in Crisis

Seek to change properties of
low-energy particles (like the
clectron) so that their zero-point
energy does not gravitate, even
though quantum effects do

gravitate in atoms!
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Setup

» 6D Emstein-Maxwell-scalar system
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» Two specific cases




Setup

« Simple solution

ds? = Gmadx™ dx™ + [dr? + a?L? sin? (~) d§*]e 2%

Frg = QalLsin (E) e %o P = @q
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Setup

» Simple solution (including back-reaction)

ds* = Gmndx™ dx™ + [dr- + a“L* sin- (—) d@-]e %o
- ("\ _ad. __
Fr¢ = QaL sin (E) Peasr . @ = Po
e
— -r"‘{’ —
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Setup

* Simple solution (non-SUSY case)

ds® = Gmpdx™ dx™ + dr- + a“L* sin”

™y
F,.¢ = Qal sin (Z)
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Field equations
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Flux quantization
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Setup

« Simple solution (non-SUSY case)

- “7 -~ 184 T i ] 7 i 2 2 . 2 I r \ 2
ds? = Gmapdx™ dx™ + dr? + a?L? sin? (- ) d6?

TN\
Fr¢ = QaLsin(—| ¢ = Po

—

Q=— R = k%(Q% — 2A)
8a‘g* =+ b (BHQK*A)
L2 3n2k?2| 8a?g?




Setup

* Simple solution (non-SUSY case)

ds? = Gmadx™ dx™ + dr? + a?L? sin? (- ) d6?

Fr.e = Qal sin (*—) ® = Qg

Tune A==— soR=0
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Setup

* Simple solution (non-SUSY case)

ds? = Gmndx™ dx™ + dr? + a?12 sin? (~) d6?

T

Qal sin (—[:] b = @Pg
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Setup

* Simple solution (non-SUSY case)

") i = ” _ . > _ = T >
ds® = gpudx" dx" +dr-+a’l*sin” (-) dB-

T\

Qal sin (“E] O = Qg

FT*EF:
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Setup

« Smmple solution (SUSY case)

ds? = Gmpdx™ dx™ + [dr? + a®L?sin? (=) d§?]e %o

F?“S" — Q(IL sin (E‘) E'_"'?f)'f' ki} — (b-:j

Field equations

Flux quantization
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Setup

* In SUSY case, how does system respond to
changes 1n brane tension?

Flux quantization: — = 2aL( =—  Obstructs T to oT

'S Fg =
Lf Up
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* In SUSY case, how does system respond to

changes 1n brane tension?
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Setup

* In SUSY case, how does system respond to
changes 1n brane tension?
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» On other hand, general argument:

p=laV Ly =——)aV 0“¢p =9dSn-d¢p < —
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Setup

Resolution: subdominant effects in the brane
action are important for flux quantization

if L, = Ty(@) + Dp(d) *F+

F—: (139
LTL

_o-"

New function @ has interpretation as brane-
localized flux



Setup

* In SUSY case, how does system respond to
changes 1n brane tension?

n =
= 2aLQ =—  Obstructs T to 6T

Flux quantization: Q -
' g 9r

» On other hand, general argument:

=——)dV 0°¢p =9dSn-d¢ x —
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* Resolution: subdominant effects in the brane
action are important for flux quantization

» New function @ has interpretation as brane-
localized flux
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Calculation

* More general solutions
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Calculation

» Perturb brane properties
* To evade time-dependence add current
ALpyix = /@ or ALpyix = J

» Find general solution to linearized equations
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Calculation

* Sample solutions

T
SW = Wy + W; cos | —)
_ L)
1 —cos(r/L) L T
09 = g+ P1 In = — KkK“JL" In {sm ( —)]
sin(r/L) L [/

and so on




Calculation

» Brane-bulk boundary conditions:
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Calculation
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* Non-SUSY




Calculation

« SUSY result:

| 5, y q
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Calculation

Non-SUSY result:
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Calculation
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» SUSY result:
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Calculation

« SUSY result:

—2Q6d, T——Zor —Q6d,| =0

i Einstein frame potential: V = U(¢)e??
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Calculation

* SUSY result:

5T, — 208, + ?@@Z” —Qsd,| =0

i¢ Emstemn frame potential: V = U(f(p')effﬁ’
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Calculation

» SUSY

p:

result:

i o i
5T, — 2Q5®, +?aa_’>

16T, — 2Q6P,]| =

Zor —Qs®,| =0
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Calculation

* Three mtriguing choices:
Case 1: scale mvanant:

if 5T independent of ¢ and 6® = Ce™® then V(@) = Ae??
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Calculation

» Three intriguing choices:
Case 1: scale mnvanant:

if 0T independent of ¢ and 0P = Ce? then V(p) = Ae??

Case 2: exponentially large volume:

8T, =A+ B (¢ +v)*> withv~50then 7r=Le ®2> L
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Calculation

» Three intriguing choices:

iJ

Case 3: parametrically small vacuum energy:

0Ty and 6Py, both independent of @ thenm p =0

and ¢, adjusts to satisty flux quantization condition
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Calculation

* Three mtriguing choices:
Case 1: scale mvanant:

if 0T independent of ¢ and 6P = Ce? then V(p) = Ae??
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Calculation

* Three mtriguing choices:
Case 1: scale mvanant:

if 8T independent of ¢ and §® = Ce™? then V(¢) = Ae“?
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Calculation

« SUSY result:
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Calculation

« SUSY result:
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Calculation

* Non-SUSY result:
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Calculation

» Brane-bulk boundary conditions:
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Calculation

» Perturb brane properties
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» To evade time-dependence add current

— ass s
A ek B i 3

4

» Find general solution to linearized equations
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» Calculation
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Setup

» Resolution: subdominant effects i the brane
action are important for flux quantization

if Ly = Tp() + @y ()

fFT—ZcD e?

* New function @ has interpretation as brane-
localized flux
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» Calculation
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Calculation

* More general solutions

ds*

Fr‘?

. I = S
eWg dx™dx™ +dr?® + e*2do?

QeB—4W

¢ = ¢(r)
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Calculation

» Perturb brane properties
T —-T+6T(d)

* To evade time-dependence add current

ALpyix = J @ or ALpyix = J

» Find general solution to linearized equations

2JIE « 1




Calculation

» Sample solutions

OW = Wy + W cos (%)

i - cos{r/ﬁ)) — k%J1% In [sin ({”
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and so on
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Calculation

* Non-SUSY result:
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Calculation

« SUSY result:
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Calculation

e SUSY result:
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Calculation

* Three mtriguing choices:
Case 1: scale mvarant:

if 5T independent of ¢ and §® = Ce™? then V(¢) = Ae??
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Calculation

* Three mntriguing choices:
Case 1: scale mvanant:

if 5T independent of ¢ and §® = Ce™® then V(@) = Ae??

Case 2: exponentially large volume:

6T, = A+ B (¢ +v)? withv~50then 1 = Le ®/Z > [
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Calculation

* Three mtriguing choices:

Case 3: parametrically small vacuum energy:

0Ty and 6Py, both independent of @ then p =20

and ¢, adjusts to satisfy flux quantization condition
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Calculation

» Three intriguing choices:

Case 3: parametrically small vacuum energy:

0T, and 6Py, both independent of @ then p =20
and ¢, adjusts to satisty flux quantization condition

Brane action independent of @ stable against brane loops
s R 2¢ _ (1/ 4
Bulk loops generate corrections of order e“® = (1/;)
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Calculation

* Three mtriguing choices:

Case 3: parametrically small vacuum energy:

6T, and Py, both independent of ¢ then p =20
and ¢, adjusts to satisfy flux quantization condition

Brane action independent of @ stable against brane loops
- - 2d 1 4
Bulk loops generate corrections of order e“® = (1/;)*
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Higher-dimensional inflation

» What about cosmological solutions?
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Higher-dimensional inflation

» For supersymmetric system exact time-
dependent scaling solutions are known

= T | e T a T N =1 =" -y N Y . by
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Higher-dimensional inflation

* 6D Emstem-Maxwell-scalar system

=

2K“

» Brane-localized inflaton, y

1 ~ 2 —ad v T . T
~[R +(3¢)?] +e 7 E, (. F™ + V(¢

Ly =T + E_{"b[ (@;{_)2+LZ—J + Ve e

0



Hjgher-dimensional inflation

¥,

» Exact time-dependent solution e ® = (H,r)**2

dgz — {:Hgf)ﬁ[gmnd:{md:fl + T:(g”d:{idﬁ:j)]

» FRW time in 4D Einstein frame dt = +(H, 1) 'dr
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Hjgher-dimensional inflation

» Exact ime-dependent solution e =—{lar*?

dsg —- {:Hljr)i[gmnd:{md.‘cn y Tz(gijfdxidxj)]

« FRW time in 4D Einstein frame dt = +(H,7) 'dr

» If ¢ =-2 then a(t) = e’ and r constant

* 4D de Sitter geometry: evades no-go results due to
near-brane asymptotics
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Higher-dimensional inflation

» Exact time-dependent solution e ®=(Ha)r*"

ds? = (Huf)c[gmnd—tmdxn L -r:(gi-;d:{id.‘fﬂ’;)]

« FRW time in 4D Einstein frame dt = +(H,7) 'dr

* If c #-2 then a(t) = (Hyt)? and r(t) = _(H{}t)l.f"z
withp =(c+1)/(c + 2)

>
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accelerated expansionif p > I and so ¢ < -2
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Hjgher-dimensional inflation

» Exact time-dependent solution e ¥=(Har"

ds* — {:HI.JT)L:[andxmdxn T 1'2(9” dxidxj)]

« FRW time in 4D Einstein frame dt = +(H, 1) 'dr

» If ¢ =-2 then a(t) = eo* and r constant

* 4D de Sitter geometry: evades no-go results due to
near-brane asymptotics




Hjgher-dimensional inflation

» Exact time-dependent solution e —0rar"

ds*— CHI.JT)E[.gmndxmdxn T T:(gij d"{id"f'j)]

« FRW time in 4D Einstein frame dt = +(H, 1) 'dr

» Ifc#-2thena(t) = (Hﬂf)p and r(t) = (HUI)L":Z
withp=(c+1)/(c+2)

accelerated expansionif p > I and so ¢ < -2
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Higher-dimensional inflation

« Connection to brane miflaton. and how does 1t end?
* Add inflaton y evolution to the equations
L, =T + e“?’[ (@x)%+Vy + Ve + ]
X = Xo + x1 In(Hot)

Then ct2=—An controls the slow roll
and Ho> = AV /D1 (3 + 24)1)]
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Conclusions

» Relatively little 1s known about explicitly
higher-dimensional cosmology
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Conclusions

» Relatively little 1s known about explicitly
higher-dimensional cosmology
» Higher-dimensional inflation with evolving x-dims
» Branes and brane back-reaction can have
important implications for low-energy theory
» Little explored beyond codimension |
» Different parametric dependences 1n energy:

unusual stability to quantum corrections
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