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Abstract: Inflationary cosmology provides a causal mechanism for the generation of super-Hubble cosmological fluctuations. There have been many
alternative proposals suggested to accomplish this feat, however these all seem to share the need to violate at least the Null Energy Condition. | will
attempt to make this statement more precise, and focusing on the case of string motivated models that contain a gravi-scalar in their spectrum (such
as the string theoretic dilaton) we will find a & quot;no-go& quot; theorem. This provides an important challenge for models such as String Gas
Cosmology and the Pre-Big Bang, if such models are to become more predictive.

Pirsa: 09050060 Page 1/58



NEC Violation and String Inspired
Alternatives to Inflation

Scott Watson
Michigan Center for Theoretical Physics

Bases on work with Nemanja Kaloper



Spring workshop -- Part

Effective Field Theory and Cosmology

Michigan Center for Theoretical Physics
Ann Arbor, Michigan
Spring 2010

Pirsa: 09050060



Causality and Structure
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Inflationary Cosmology
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Key theoretical challenge:
Alternatives to Inflation? | What happens at the b‘_"fnc‘-"‘?
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NEC Violation and the Bounce

time

Bounce requires sign change

H = —47G (p + p)

NEC must be violated

spac

Bounce requires:

= >0
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Dark Energy and the NEC

NEC for Fluids

Equation of State bound
p=wp
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Inflation and the NEC

Inflation never violates the NEC
Thus alwavs a red spectrum
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Summary of Experimental Results
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Small window for NEC violation



Theoretical Perspective:
Why is violating the NEC bad?

¢ Violation of NEC typically implies the presence of ghosts
(negative kinetic term) and/or tachyons (negative mass”2)

e \When coupled to other matter leads to catastrophic instabilities

e Consequences explored by a number of authors

- Carroll, Hofman, Trodden (astro-ph/0301273)
- Cline, Jeon, and Moore (hep-ph/0311312)
- Holdom (hep-th/0404109)

- Hsu, Jenkins, Wise (astro-ph/0406043)
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Goldstone Approach (recall Alberto’s talk yesterday)
Creminelli, et. al. hep-th/060609!

Summary
e Specify FRW background (fluids, scalars, etc...)

a(t)

* Focus on adiabatic mode and gauge fix time diffs (unitary gauge)

o(t,T) = ¢o(t) 00 =0

* Construct action (all terms that respect symmetries -- space diffs)
: | 5= . .
goo Ez'j = ;N'K,'j = § [6:91-;,: = Vl‘iwj — ij\‘,;]

e Perform broken gauge transformation and introduce Goldstone-
Stuckelberg field

o b iER) . el










Goldstone Action

1. .o e s : : e 2 4 -
Se =d*z/—9¢ [5_-1IP'R — M, H (7% — (Vm)?) +2M; (72 + 7° — 7(Vn)*) — gﬂf:?:r‘; + .. ~‘

Higher derivatives can eliminate ghosts

: 1
e wmae o———
- 4
1 M2H

Higher spatial derivatives can tame gradient instabilities
Creminelli, et. al. hep-th/0606090 .
WE 2M§H b

A 2 2 2:— : 4
sei, asey = bl SEete ME "~ Mg

KifsWws for small and fast NEC violation At < 1




Spatial Gradients and UV Completions
Adams, et. al. hep-th/0606090

NEC can be violated, BUT...

1 12
2

=3 =
.

Superluminal propagation

Not UV Complete(able)
(S-matrix in the UV is sick (not analytic))

‘SWAMPLAND”
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Partial Motivation for this work

Nant to construct consistent low energy effective field
theory that could separate the issue of the origin of
the expanding universe from need for full theory of

quantum gravity

AND

Perhaps provide an alternative to inflation
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String Cosmology

These goals have also been pursued in the context of
theories with a UV completion

NEC Violation an
Alternatives to Inflati
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“It's about nothing! e _X ______ =
N £ |think you may have something there... ~,
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String Gas Cosmology

As we go back in time all observations suggest hotier,
denser universe, and particle constituents become important
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String Gas Cosmology

As we approach the scale of
quantum gravity, new physics
should become important:

e Extra Dimensions

e Strings / Branes

* New Gauge Fields

e New Symmetries

Consider all ingredients and ask:
“"What are the cosmological consequences? ™







Relating EFTs in the UV

¢ “Islands” in the Landscape are related by dualities

e Dualities connect different effective field theories by
exchange of couplings and solitonic degrees of freedom

11-D Supergravity

Type IIA E8 X E8 Heterofic

O(32) Heterotic
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Example: T-duality

Theory of closed string on circle of radius R

Duality

Theory of wound string on circle of radius 1/R

No Wound Wound
winding once twice

irsa: 09050060 Page 27/58

Compact direction



Duality and Cosmology

Brandenberger, vafa, 1991.

time

T-duality relates scale
factors as well

1

a— —
a

Strings in a collapsing universe described
mathematically by their dual in an expanding universe

String scale plays crucial role
(can be substantially lower than Planck scale)
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“lements of String Cosmology
Tseytlin and Vafa hep-th/910904¢

Effective theory in N spatial dimensions
SF — 1 /d.\f’+lrv _gse_m (Rs = = (()Oq )2 e L:m) gf — 8(;’3’3)

2K N

Space-time Metric
ds? = —n(t)%dt? + 2 dz? A =Ina(t)

Mini-Superspace (Quantum mechanics)

SID—/dtn{e % ———)+F().na)} @=¢— NX
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“lements of String Cosmology
Tseytlin and Vafa hep-th/910904¢

Mini-Superspace (Quantum mechanics)

sm_fdm g % N———)+F(,\ na)}

String Gas Sources

E, — —(F+ 8 F) P.— )\ F
Py =—wk,
Duality

9 A——A F — F



Hagedorn Regime

Exit string phase
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As universe cools we exit the “Hagedorn” phase, into a
standard radiation dominated universe

E~an~const. H !~ diverge
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“Geometric Precipices in String Cosmology”
N. Kaloper and S.W. 0712.1820

Equations of motion

Ds

= INH, T \/N'Hf + e®=p, ,
: 1
7 — 5@93 ps £ Ho\/NH? + e p, ,
ps = —NH,(p;+ P-,) ’

Solutions come on four branches

Sign of dilaton is conserved
953 = ¢;s == NHS
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“lements of String Cosmology
Tseytlin and Vafa hep-th/910904¢

Mini-Superspace (Quantum mechanics)

Sip = /dtn e;' (N’;l_2 = &) +F(\nB)}

String Gas Sources
E; = —(F + BogF) Iy — P
Py —wik,

Duality
@ — @ A— =X PF—s P



Duality and Cosmology

Brandenberger, vafa, 1991.

time

. H <0
T-duality relates scale
factors as well 3 23
1 b H >0
a = s \‘
a . $

Strings in a collapsing universe described
mathematically by their dual in an expanding universe

String scale plays crucial role
(can be substantially lower than Planck scale)
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Hagedorn Regime

Exit string phase

L
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As universe cools we exit the “Hagedorn” phase, into a
standard radiation dominated universe

E~an~const. H™ !~ diverge
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“Geometric Precipices in String Cosmology”
N. Kaloper and S.W. 0712.1820

Equations of motion

(_).i, =it \/;VH;:} + e®=p, ,

- 1
H, = se”p.*H, VNH? + e p,
ﬁ:-i — _i\?Hs (p.a- % p-.) .

Solutions come on four branches

Sign of dilaton is conserved
(}js s Qgs = N-HS
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Solutions

_d;r

R
dt

- - 1 -*
A = At Ihnpiz—2)]+ In(1-=) .

Q av N x
| vV N e
Ps = Po——In[r(r—x,)] —- In (l e ) .
(8 ‘k o 4
1 — N~ v—1)VN T,
Des = @0 — - In [J'(J' — J_‘,,.)] S ( I ) In (]. — I—) >
v (x x

= The 4 classes of solutions are parameterized by the signs of x
and x. for fixed external parameters y and N (note

that a = 1 — N7°)
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“Geometric Precipices in String Cosmology”
N. Kaloper and S.W. 0712.1820

Equations of motion

O‘, ——— . 1. \/‘\J'I'I;2 + e%=p, ,

: 1
H, = -_é-e""*‘pﬁ + H, \/.NH_E + e%s p, ,
ps = —NH,(ps+ pa) )

Solutions come on four branches

Sign of dilaton is conserved
(fjs p— Qgs i NHS
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“lements of String Cosmology
Tseytlin and Vafa hep-th/910904¢

Mini-Superspace (Quantum mechanics)

Sip = fdm E;Z (N);l—2 = %2) +F(\ng)}

String Gas Sources

E, — —(P + (8, F) P, — )\ F
Py —wril,
Duality

ey A——A F — F



“lements of String Cosmology
Tseytlin and Vafa hep-th/910904¢

Effective theory in N spatial dimensions
SE — 1 /d;\’-}-lr ,f__g_gf,—fm (Rq T (095)2 o Em) gf — 6(‘.3"3)

2K N

Space-time Metric
ds? = —n(t)%dt? + > dz? A =Ina(t)

Mini-Superspace (Quantum mechanics)

Slp—fdtn{e % ———)+F(An5)} @=¢— N
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“lements of String Cosmology
Tseytlin and Vafa hep-th/910904¢

Mini-Superspace (Quantum mechanics)

Sip = fdm e;:’ (N§ = “%2) +F(A.n.6’)}

String Gas Sources

E;, = —(F + BogF) E—uis
Py — wik,
Duality

S A— —A F — F



“lements of String Cosmology
Tseytlin and Vafa hep-th/910904¢

Effective theory in N spatial dimensions
S, = ! /d“'*'lr\/—gse“’” (R, + (90,)* — L) g2 = o(®s)

2KN

Space-time Metric
ds? = —n(t)%dt? + eV dz? A =Ina(t)

Mini-Superspace (Quantum mechanics)

SID—/dtn{e % ———)+F(A ng) } e=0¢— N
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Duality and Cosmology

Brandenberger, vafa, 1991.

time
. H <0
T-duality relates scale
factors as well .
1 g H >0
(I. — \‘
a . :

Strings in a collapsing universe described
mathematically by their dual in an expanding universe

String scale plays crucial role
(can be substantially lower than Planck scale)
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Hagedorn Regime

Exit string phase
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As universe cools we exit the “Hagedorn” phase, into a
standard radiation dominated universe

E~a~const. H !~ diverge
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“Geometric Precipices in String Cosmology”
N. Kaloper and S.W. 0712.1820

Equations of motion

C).\t ——=, 1 \/;VHE + e%=p, ,

: 1
H, = :2-6(9'“1)3 + H, \/,-:\rH_f + €% p, ,
ﬁ:-i — _i\rHs (pa -+ .U-.) -

Solutions come on four branches

Sign of dilaton is conserved
(153 = Qgs — NHS
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Solutions

dx
E:E

-~ | 1 .*
Ay = Ao+ —In [.r(.r — .I‘*)] -+ - In (l o e ) ;
o av N xr

1 YV N e
o2s = Yo——Inlr(r—1r)] —- In (1 St ) .
QO ¥ T
E— 1V v —1)VN .
D = Qg — - In [J'(J' p— J.‘,.)] S ( I ) In (]. p— : ) .
x (x T

= The 4 classes of solutions are parameterized by the signs of x
and x. for fixed external parameters y and N (note

that o = 1 — _\"2)
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Mowmentum mode oas
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Figure 5: The (¢, H,) phase diagram of momentum mode cosmologies, with phase space

orea: 000 oW and the limiting envelopes (dotted lines) deseribing the case Ey = 0.
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Solutions

_d;r

ke
dt

A = Aok lln x(x —x,)] + : In (l — I#) "

Cx (¥ \/)_'

1 vV N To
7:3 p— ‘r:HiU e 111 [J'( . -.rg)] — = lll (i. e Ir ) "
() x i
1 — N~ v —1)VN ks
Oy = O.0— -In [J.‘[J.‘ — r,,,)] — G ) In (l == ) .
(8 (k o

= The 4 classes of solutions are parameterized by the signs of x
and x. for fixed external parameters y and N (note

that a = 1 - N7°)
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Mowmentum mode gas
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Hagedorn gas
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Figure 4: The (). H,) phase diagram of Hagedorn cosmologies. with phase space flow and

tire fidting envelopes (dotted lines) describing the case E,
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Figure 6: The (.. H.) phase diagram of winding mode cosmologies, with phase space flow
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No-go § Null Energy

6 = NH,+ /NH? + e*p,,

= These solutions are on different branches: (+) and (-)!

= For matching to occur, dilaton velocity must reverse: there must
be region where the "egg function’ vanishes!

e= NH? +e*p,

= For this to happen we must ensure:
= Negative energy density somewhere
= Collision between the trajectory and this region
= Subsequent escape without further collision
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Negative energy density somewhere: put tn a potential which
dips below zero for some values of the dilaton. But that tn ttself
Ls NOT ENOUGH! what Ls required Ls something Like:

Excluded

Lnterior

e<(
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= (Consider evolution of e along a trajectory:
d : : 1
- - E (\/E) — _Hs + Hs‘j}s 2 3 3€¢’ (ps +ps)

= (+/-) refers to the branch on which this evolves.

= Assume that a trajectory hits the egg, and escapes and integrate
between the hit and the escape time:

te d ) 1 te .
f tlt [_ (::ﬁ —l_ Hg) = H_q O,q:I - 3 f (it G‘DS (pq ‘+_ pS)
¢ t

" ct "

®= The 3rd term on the LHS is the negative area between the curve
and the horizontal axis. Rewrite as

te
(::\/ﬁ = 1)H3(te) + Hy(th) + A= —% / dt e®* (ps + ps)
th
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= [f you start on (+) branch:

(‘/F— 1) H,(t.) + H,(tn) + A= _%

= LHS positive definite: to have the transition from + to - must get
RHS to be negative.

= [f you start on (-) branch: :

(\/T+1) t)_H(th)—l—.A—l—;[ dt e®* (ps + ps)

th

te .
[ ate o+ p
t

h

= Branch change from - to + can occur with normal matter.

= But then all the - branch solutions are past-singular and + ones
are future singular.

® This excludes the transitions proposed by Tseytlin and Vafa
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= If energy 1s strictly positive, it is impossible to smoothly
connect different branches.
= [mpossible to remove the singularity from the EFT

picture UNLESS one violates the null energy condition.
Only then + to - transitions

= In the standard framework where null energy condition
1s maintained such evolution does not happen and
singularity 1s present somewhere.

= A variant of the Hawking-Penrose singularity theorem,
which one expects in the Einstein frame!

= QOther transitions are possible! (work in progress)



Summar(lj

= Still no viable alternative to inflation for
generation of cosmological perturbations

= Key i1ssue 1s the “bounce’™ and/or the NEC

= [nteresting to combine String Gas approach and
Ghost Condensate ideas

= [s B-mode detection really a smoking gun for
inflation?



