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Qverview

1. Some Background:
— Heterotic M-Theory Flux Compactification
Backgrounds & Newton’'s Constant
— Moduli Stabilization & de Sitter Vacua

2. Inflation:

— Single Field Inflation in String-Theory?
— Power-Law and Assisted Inflation

— Realizing Assisted Inflation in M-Theory
— The Whole Evolution: Cascade Inflation
~ Number of E-Foldings

3. Conclusion




The Framework: Heterotic M-Theory
M-Theory on S*/Z,

— 10d fixed planes become boundaries of 11d inte-

rior bulk spacetime such that 11d M-theory universe
looks like:

Visible Boundary = Us Hiccen Bourndary:
10d B SYM Gauge Theory 10d E, SYM Gauge Theory
B
¢ Supergravily - COmecClions
o rencer ha heon T 31 supersymmeatnic Yang Mils theory willl gauge gioua
has o resce an &3 of TNe Do RarTes

L is a measure for the string coupling g. since L ~ gf ':
= recover weakly coupled heterotic string at L —




Important: boundaries act as magnetfic sources for the
4-form field-strength G = dC. Therefore, Bianchi iden-

tity acquires a non-trivial right-hand-side
e~} Y (PP AEC

—trR A R)d(z" — LY) Adz™

What is the Geometry for M-theory on the
Spacetime M* x C'Y; x S /Z>?

) implies a warped product

— non-vanishing “flux” G
[Witten "S6]

structure
ds® =(1 — fi(z" ")), dx"dT
+1 + fin(z ) (gEY (z™)dr!dz™ + dx'dz™

—zM'Q. » |fim]l €1

where Q. is the visible boundary charge determining the
coupling to the 3-farm potential C




Exact warped geomelry for compactification in the pres-
ence of G flux [Curic, AK '00,03]

ds* =e 17 Indrfdz”

Lets illustrate this geometry with the volume depen-
dence of the deformed Calabi-Yau:
E. Witten "S6 -

G. Curio, AK "00, 03

Warped CY Volume:

Us Hidden

— spives problem with negative CY-volume (and negative metricl). Now loca

sl

ve B terms which lead to small

wdal =yl 4 Ll - e b L3l

positive shift in volume if Euler-number of C¥ is pasitive y > 0 (Strominger "S8)




what can we use it for?

_. Derivation of 4d Newton’s Constant, 4d de Sitter
Vacua with Dark Matter (Cosmolagy), Inflation (Early
Universe Cosmology). to which we now turm ...

Newton’'s Constant

Exact integration over the internal 7 dimensions gives
{Wfth R = -111{.:;.'_"_". _1l1r-:;."'_" — -.i.* X :.'-_ll"; GEV 0, = :. 25}

Gy.
1 —sign(l — Q.L)|1 — Q.LI*A

Gy =
> Gy = (1.2 x 10" GeV) ™"
smce L < L.=1/Q,

Compare with the measured value

GZ = (122 x 10 GeV =

1l
!i!l:l
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« Now that we know the background geomelry,
what can we use it for?

_. Derivation of 4d Newton's Constant, 4d de Sitter
Vacua with Dark Matter (Cosmology), Inflation (Early
Universe Casmology), to which we now turn ..

Newton's Constant

Exact integration over the internal 7 dimensions gives

(with R.=1/Mgurs Mcur =3 % 10 GeV. a,. = 1/25)
Gy c
Gx = . —
: 1 —sign(l —Q.L)|1 — Q.L*7)
> Gye=1(1.2 > 10" GeV)~*
since L < L.=1/€,

Caompare with the measured value

G=P = (1.22 x 10° GeV) ™




Moduli Stabilization and De Sitter Vacua

« Cosmological Data compatible with (approximate)
de Sitter Universe today. So can we break super-
symmetry and stabilize the moduli to obtain the

i:c:rrect and a realistic (gauge., matter fields,

de Sitter Vacuum? [Becker, Curig, AK "04]
Let me here focus on the stabilization of L for which
there exist two competing nan-perturbative effects
1) Open Membrane Instantans = M2 Branes wrapped
around the spacelike 3-cycle T, x S'/Z,

[Bergiund et al. "95; Witten '99; Moore, Peradze, Saulina "00; etc]

g
B

Us Hidden

repelling non-perturbative force exerted by these open
membrane instantons. Can be seen from the resulting
superpotential

Wox| ~e™, Re(T)~L




2) Gaugino Condensation on the Hidden Boundary:

o -
=+ i
Foce Force

Us Hidden

gives an attractive force between the two boundaries

Superpotentials for both effects:

gft curve) and |V rgitt cune




By working out the full effective potential
= MieX (Y K DWW D,w —3|W )

i &
g1

one confirms a robust mimmum through the balancing of both effects (OM and

GC)

e resulling munimam poienial 25 & Tuecoon oFf L = L/ o

Moregver:

Balancing 2-Flux with GC (“Perfect Square”) = Stabilization of Complex Struc-
ture Modudi

Balancing M5-instantons with GC = Stabilization of Violume Modulus
Resulis:

> local de Sitter minima
~ vacua lie in a regime where V. V > 1, i.e. where

. - - ———
T || e B L e L 4 ol b [
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T ” Ll — " - ——— - L B =~

= Y =

Dl = ——L=L =[] — supers e S Drnoxe
e e T T
= aqaus -t =
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~ whereas the dilaton L ~ g’ shows a runaway be-

-

haviour at weak coupling it gets naturally stabilizea
at strang coupling [Curio, AK 01}

=4 S| N S N e b ol e R ] g




What Do we Learn about the Hidden
Gauge Group?

The values for

i_f:":':' = 1.{-:,;':_:‘_-' > HZ)_ f?‘.; 7 = T3 /2 e (2

are given in the following tahie at the critical point (no-

tice the factor e™@ ~ 1/V, ~ 1/300 as compared to the
actual physical parameters "L sy, Mg/2)

Result: Hidden Gauge Group of small rank favored

> it brings Ms;-sy close to the TeV regime

~ it leads to stabilization of hidden boundary close to
L_. This leads to the correct 4d Newton’s Constant

Important: once the hidden E: is broken to something
smaller like, say a hidden SM sector, one has hidden
matter which might account for dark matter (interacts
with wsnble matter or gauge fields only (super-) graviia-
tionally and can be expected to exhibit similar clustering
as visible matter!




Single-Field Inflation in String-Theory?

To embed single-field slow-roll inflation into string- or M-
theory, take your favorite model, use the available fluxes
and non-perturbative effects and stabilize all moduli ex-
cept for one, <.

Since the aim is to derive a single extremely flat < di-
rection, the masses of the stabilized moduli should be
heavier than the aone for &, such that we can integrate

these moduli out and remain with an effective potential
|r' -

To see whether the resulting [(¢) is flat enough to give
rise to a period of inflation which is long enough (50-60
e-foldings usually), you have to check that both

e 11“ { |r-- ,_‘.' J' <1

While the « condition is typically easy to satisfy, the con-
trary is true for the n constraint and hence developed
into the

U S — = S ——— =
[3-rFraplem = Inflaton-iviass Froolem




Various proposals for its solution were made (warp fac-
tars. shift symmetries, etc.) but when analyzed carefully
the problem persists [see e.g- McAllister hep-th/0S02001].

— Let's try to embed infiation into string- and M-
theory through muiti-field inflation (more natural in
view of the multitude of scalars)?

Power-Law and Assisted Inflation

To this end. let us emphasize that there are are various
different types of inflation through which one might try
to embed inflation into string-theory:

New Inflation: is based on a vacuum energy dominated
de Sitter expansion for which

(F iy s = "_Ilt:

Many efforts concentrated on embedding inflation into
string-theory via new inflation (or hybrid inflation)

Power-Law Inflation: [Lucchin, Matarrese 1985]
relies on an exponential potential




with parameter p > 1 leading to a scale-factor
alt = /]._'.t"

and an evolution of the inflaton

— f Us t
a(t) = +/2pMp;In -
: WV <BiLp (\Pfuﬂ_l ‘1[;_)
(solution is valid for p > 1/3 but inflation arises only if
p>1l<ea>0)

power-law inflation implies very simple constant slow-
roll parameters

|
™ |

constant slow-roll parameters mean there is no exit from
power-law inflation. When embedded into M/string the-
ory this presents, however, no problem as additional
contributions will eventually modify the simple exponen-
tial potential causing inflation to end.

exponential potentials arise naturally from various non-
perturbative effects which need to be included anyway
for moduli stabilization (and spontaneous supersymime-
try breaking)




Single D-brane or Membrane instantons lead however
ta p — @(1) which is nat sufficient for a sustained period
of inflation!

So what can be done to abtain inflation nevertheless?

Assisted Inflation: [Liddle, Mazumdar, Schunck 19S8]
consider instead a muiti-inflaton extension of the single
scalar power-law inflation scenario, termed assisted in-
flation

each of the N scalar fields o;, : = 1,..., N, has a po-
tential

£'=[__-:"'-'F~."_. vi=1___.N.
(for p = @(1) as in M/string theory, individual potentials

too steep to give power-law inflation) Since all scalars
obey identical dynamics, one can map this muiti-field
problem by rescaling to the single field power-law prob-
lem and show that it gives again a power-law salulio

alt) = aatt*’
i | — | =

but this time with

= even though single exponential contributions are too
steep to support inflation individually, it is easy to




obtain large p(N) > 1 by increasing NV

— this mechanism gives inflation with small €, by us-
ing many exponential potentials which would usually be
discarded as too steep when considered individually (in-
creased Hubble-friction experienced by every individual

scalar)!

Is it possible to embed inflation via the method of as-

sisted inflation into M/string-theory, thereby using the
$r o [ = T

naural Y avalianie .::: sieep poenuals?

Realizing Assisted Inflation in M-Theory
[K_& M. Becker, AK '05]

1) The Multi M5-Brane Potential
For definiteness and because of its direct contact with a

realistic GUT or MSSM sector [see e.g. B. Ovrut et al. '04]
— which is important for the issue Df reheating — we will
focus subsequently on heterctic M-theory.

When compactified down o 4d on a §-dim. manifold preserving NV = 1 super-
symmefry., background s given aither Oy a w 1 Calabi-Yau threefold ara

warp-factor along

[Curig, AK 2000, 2003]
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Let's focus on the CY case and consider the follow-
ing setup of .\ paralie M5-branes distributed along the
S! /Z, interval (all MS-branes fill 4d spacetime and wrap
same genus zero holomarphic 2-cycle on the CY; for
simplicity h'-* = 1, I.e. one Kahler modulus T only.

Maduli and K3hler-Potential

effective 4d N=1 supergravity is described in terms of

e h2' complex structure moduli Z

e« CY volume madulus 5

e T modulus measuring S*/Z. length
e M5-brane position fields }

defined as




where

e V = average CY volume over St/Z,

e Visr — average volume of 3-cycle I x St/Z,
e L = length of S'/Z, interval

e 0 < r'! < L: position of the ith M3-brane

in addition it’'s useful to define

s=S5+S. ¢ =T +T, y = Y + Y

plus

such that the Kahler-potential becomes




Let's focus on the CY case and consider the follow-
ing setup of \ parallel M5-branes distributed along the
S!/Z, interval (all M::-t:rranes fill 4d spacetime and wrap
same genus zero holomorphic 2-cycle on the CY; for
simplicity 7' = 1, i.e. one Kahler modulus T only.

Maoduli and Kahler-Potential

effective 4d N=1 supergravity is described in terms of

e h— complex structure moduli Z

e CY volume maodulus S

e T modulus measuring S*/Z- length
e M5-brane position fields },

defined as




where

(d = CY intersection number)

Obviausly Q@ = 2V > 0; likewise R > 0 to ensure a
positive definite Kahler metric K5 for which one finds
(£, J. ... run over all complex moduli, G_5 = metric on
the complex structure maoduli space)
16R
.:r-' 1--__. S ;.--_ I'I-’; =
let A gz 05t Ga

Which Superpotentials Need to be Considered?

a priori contributions to superpotential come from open
membrane instantons (wrapping same genus zero
curve as MS’s) stretching between:

= both boundaries (99),

(4]

= between two of the MS-branes (5
= between the visible boundary and an M5-brane (95)

= or between an MS-brane and the hidden boundary (59)
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with
Y.=Y. — Y

describing the distance between the jth and the ith M5-
brane

When T would have been stabilized at the critical length
[Curio, AK 2001: M. Becker. Curio, AK 2004] Where volume (gauge
coupling) of hidden boundary becomes small (large),
then one would also consider gaugino condensation on




=1
T = L".H‘.- r + 10T
Y; = Vou kﬂ—ﬂ'\‘ + 10 — N

where

e 1 = average CY volume over S*/Z,

e Viur — average volume of 3-cycle X x St/ Z,
e L = length of S'/Z, interval

e 0 < z!! < L: position of the ith M5-brane

in addition it's useful to define

=G T R 'R =Y+ ¥;
(X4
plus
f-_)::___.

hler-potential becomes

(A4 ]]

such that the K




Among the open membrane contributions, we can focus
on the dominant nearest neighbor 55 contributions. This
is carrect as long as nearest MS brane distances are
smaller than the orbifold size implying that the neglected
OM instantons have stretch over longer distances.
Hence

I-ll

W =W

M5-brane Interaction Potential
Potential follows from standard F-term expression
F—ARE (SN K DsWaD Wi T

F = ve T

which leads to

with Kahler factor e™ = | [ O A QO




the only term which in principle could become negative
is the last term which arises from

S KKK | Wis|? — 3|Was]?

It is however easy to check that 3Q%/R > 242/Qt when
€ > 0and R > 0, as required for a positive definite
K3hler metric. Hence this term and therefore the whole
potential will be paositive — an important requisite for the
derivation of assisted inflation!

2) Mapping M5-Brane Dynamics to
Assisted Inflation Dynamics

Since MS5-brane interaction potential is positive we can
partially minimize it by demanding
D . Wis =
D:Wss =0
Let us see what they imply. The first equation is equiva-
lent to
dln h K z

az= gZ=

and implies




The second equation has a simple geometric meaning:
in the large volume regime, where we can trust the su-
pergravity analysis, we have Qt ~ st > ¢t > y; and
therefore

"-'Il-r

0 =D;Wss = W55; + Q"t” 55— Wiss;

With

this implies

Hence partially minimizing the energy through setting
D.W-s = 0 forces the inter M5-brane distances to be

i Al Ll L

Specifying the Regime where Inflation Occurs

So far, by partially minimizing the energy, we have ar-
rived at

r 30 2y~
R Q%%
If this potential is to be mapped to an assisted inflation
dynamics with the inflatons arising from the M5-brane

pasition differences y;.; — »;, we have to make sure that

E -

rT -
L x|




there is a y, dependence only in the exponentials of Wss

can be achieved by warking in the regime where

Qt > y°

which is consistent with large volume Q = s
implies 3Q/Rt* > 24%/Q**

s> 1 and

In this regime we simply
have
U o< —|Wss|”
and therefore final
[7d N —1I¥ . y S
, — ——e 7 Ay=A¥Y + AY
6ME(GE [QAQ st3 :
The Mapping
1) Transfarmation to canon cally normalized scalars:
¥ kinetic term
e -y j &'r/—gK0,Y.0"Y,;
where

- 1y + 2089;;
{'I-_'_ — {2..-_
In the regime which we had just specified, we have

Qt > y* = 3 y? > yu;. Thus (under the sum) we can




The second equation has a simple geometric meaning:
in the large volume regime, where we can trust the su-
pergravity analysis, we have Qt ~ st >t > U and
therefare

W5 — Ws.
Qt '

I
1
[

I'I-_:.'.'.'- L3

With

this implies
=

ANY W

Hence partially minimizing the energy through setiing
D.W-s = 0 forces the inter M5-brane distances to be

1]

Specifying the Regime where Inflation Occurs

So far, by partially minimizing the energy, we have ar-
rived at

. X 2N Vi
'.r_ ¥ ‘_" _ — Tri == |
e Rt3 Q-t*/ ;
If this potential is to be mapped to an assisted inflation
dynamics with the inflatons arising from the M5-brane

position differences yi-1 —¥:. W€ have to make sure that




there is a . dependence only in the exponentials of Wss

can be achieved by working in the regime where
ot > y'

which is consistent with Iarge volume Q ~ s > 1 and
implies 3Q/Rt® > 2y*/Q°t*. In this regime we simply
have

U o« —|Wiss|”
L { A
and therefore inal
r'-||' 1""- — :- 2 %, - —
R "o Ag— AW TO
6ME, (i | QAL st3

The Mapping

- r..-.,_.-..q-._.,_..q.-...-.p-,a_.- raNa~lalalallar= .

armation to cananically normalized scalars
Y: kinetic term
Skin = — M5 / d*r/—gK;0,Y.0"Y; .

where

Q=t2
In the regime which we had just specified, we have
Qt > y* = 3 2 > yy;- Thus (under the sum) we can

=




neglect the first piece and obtain K;; = 24;;/Qt which
leads to the following cananically normalized real M5-

brane position and difference fields

2M ey 2M gy
& = —=Vi = —=2\1
Vi vt
2) Switching to COM and RHelative Caardinates:

A potential is only generated for distances between ad-
jacent M5-branes but not for their combined com posi-
tion. Let us therefore switch from the vV position fields
o; to the more adequate description in terms of the MS-
brane com field

. - e e R L — —

and the difference field Lo. The relation between the
two sets of fields is provided by the relation

by = Ouom + (1 — — "]_1.;

Since there is no potential for , its value will stay
canstant and its kinetic term vanishes. The sum of the

]




o, kinetic terms then becomes

1‘;\_‘ -} Wi S r_,i""‘ _rf _\ r_,':l“"'_“u"lsql

' Ny
— __,_.j_'—-",;—\l":L;HA-":'
reguiring us to perform a secona renormalization
Eventually we arrive at the final canonically normalized
difference heid .
N(NZ — IN(N=—1

o= '__‘____L, __"fr:_n\ - Ay

in terms of which the potential reads

-
—

with Uy = 6M4&(i [Q A Q)/st’d (the approximate con-
stancy of s. £ will be discussed shortly)

For a spatially flat 4d FRW universe we then have a

HaoabbRlae narameate

b b e il e
- - = i - =
H — "[, — T |

3ME, 2

and the dynamics of - is determined by
dl/

s2+3Hg+—=0.

do

e




This is precisely the dynamics which gives power-law
inflation once we identify the parameters

IN(N?*—1
= 301
[y = Up(N —1)°

This completes the mapping and therefore embedding
of assisted inflation into M-theory.

Bounds on \

Contrary to what one might think, the value for N is
rather constrained

1) We had the conaition

Qt >y
which implies an upper bound on '\ as y grows with V.
For typical values V = 341. Vo = T7Tand z; /L = O(1/2

we have s — 682 + 35N, ¢ = 14, y? ~ 49V which leads to

= T=
N < 15

2) to obtain inflation we need p > 1 which implies a lower

'-—C TalaBal =
R R

p>1 & 4N(N-—1) > 3Qt
For the same s. ¢ values as before we get
19 < N

<




There is thus a non-empty set of N's satisfying both
constraints. Maoreover also observational constraints
coming from the number of e-foldings or the scalar
spectral index require values for N within same range!

Moduli Stabilization

There is a crucial difference between new inflaton mod-
els and this assisted inflation maodel for the embedding
into M/string-theory

New inflaton maodels have to select a singie very flat di-
rection. Necessarily one has to stabilize all other moduli
before inflation.

Here, we have made use of the very steepest directions
available. The universe is rolling down exponentially
steep directions during inflation




{up to one) maoduli befare inflation. Mild, i.e. power-law
runaways might be tolerable (s. f)

The Whole Evolution: Cascade Inflation

Sa far we have kept vV = # of M5-branes fixed and an-
alyzed therefore only part of the full process. Since the
M5-brane distances are growing will jump to N —
as soon as the two outermost M5-branes hit the bound-
aries

This can also be seen from the anomaly cancellation
eqguation for the G flux

(3., are integers characterizing the boundary’s 2nd
Chern classes). When the M5-branes coalesce with
the boundaries they hange the boundaries topologi-
cal data via small instant ransitions which has to be
campensaten for t:w a “hange in .

Hence, we have the following “cascade-like™ evolution:




1. oo = chase 3. POERSS

For each interval we obtain power-law inflation via the
same derivation as before, as long as

p(N;) > 1 Exit Condition : p(N,) =1
(2nd constraint Q¢ > y- always remains satisfied as y
decreases with decreasing V)

The full “cascade inflation™ process has the following

structure
a1 (t) = a,t* <t<t
In(t mtZ, 1 <t<ts
a.(t) = a,t By <SE<Zt

g !|
| =] =




Number of E-Foldings

@\ ts t
=i (22) - S ()
‘X :l J = -.|___!,__'|
with
—:_."- .1":.7 —1
Pqg = —

the constant ratios ¢, /t,, can be determined by using

the exact solution for the inflaton (distances between
adjacent M5-branes) evolution

e 1 T’ap;ﬁp;—l y(dzg Oe—1
= XY *.1r"" g T ""s-. ] 3 % 5
‘.l-__ - ‘..-. ".. L ) :__1- - | -
e N 3pa—1) it
= Vi T 1 - B
== :
1\' L T -\l"': : 8

Taking typical values for s

_+ as before, this series can
be summed numerically.

Exit from Infl

tian: p(Ng,) = N,

U

Knowing N,

_we can carry out the summation and ob-
tain
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. Since 19 < N « 195, we see that a realistic

Fa— . B R T L= =] T
can be abtained within reguired regim
L = e e - -
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