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My Instructions

“... give a (25+5) min overview talk on 

           "Early Universe and Cosmology"

It is expected that this presentation will include the status of 
experimental and theoretical developments in this area with 
some thoughts on longer term prospects. This is the only 
plenary talk on this topic.”

“... plenary talks at DPF are expected to be  review of the 
field ...”

No problem!?
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Modern Cosmology

Why is there more
matter than antimatter?

What is the nature
of dark matter?

What laid down its
primordial perturbations?

What is driving cosmic 
acceleration?

Why is the cosmological 
constant so small?

Genesis:
• Why is the universe so flat?

• Why is the universe so
  homogeneous?

• Why did the universe begin
  from a low entropy state?

• What resolves the big bang
  singularity?

Is cosmic acceleration a 
signal of a breakdown of GR?

I’ll Just pick 3 particularly 
interesting (to me, at least) 

recent topics
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Boltzmann, Expansion & Freeze-out

But universe expands, and 
at some point particles are
too dilute to annihilate.

They freeze-out, and thereafter just dilute with cosmic expansion.

Amount left over depends on masses and interaction strength.

[J. Feng & M. Trodden, Scientific American, November 2010.]
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The Weak Scale emerges

Exponential
drop

Freeze out

Different strengths of the
interaction lead to different
frozen out amounts of dark
matter.

ΩX ∼ 1

σ0(109 GeV2)

σ0 ∼ α2
WGF ∼ 10−9 GeV−2

ΩX ∼ 1

Remarkably, the observed
dark matter abundance is
obtained for interactions at
the strength of the weak 
nuclear force!
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WIMP Dark Matter
So - if dark matter is formed through the freeze-out

of nonrelativistic particles, they should have an
annihilation cross-section at the weak scale: WIMPs

If you were in the business of inventing models just to
be the dark matter - this would tell you to start writing

down appropriate Lagrangians at the weak scale

BUT: the story is, of course, much more
compelling than this!

Existing SM particles are not 
enough!
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The Hierarchy Problem
Quantum corrections to the Higgs mass are
quadratically divergent

m2
H

∼ m2
H0

+ Λ2 + · · ·

The momentum cutoff in these loops is wherever new
physics appears in the theory - by default, the Planck scale

In which case need to cancel these Planck scale numbers
against one another to one part in 1015!



Mark Trodden, University of Pennsylvania
Early Universe and Cosmology

DPF 2011
Brown University, 8/11/2011

BSM Physics & Dark Matter

There is a very broad connection between models of beyond
the standard model physics addressing the hierarchy problem 

and dark matter



Mark Trodden, University of Pennsylvania
Early Universe and Cosmology

DPF 2011
Brown University, 8/11/2011

BSM Physics & Dark Matter

There is a very broad connection between models of beyond
the standard model physics addressing the hierarchy problem 

and dark matter

• Almost any model involves new particles at the TeV scale, 
  related to the SM particles through new symmetries (SUSY
  partners, KK partners, extra gauge and scalar partners, ...)



Mark Trodden, University of Pennsylvania
Early Universe and Cosmology

DPF 2011
Brown University, 8/11/2011

BSM Physics & Dark Matter

There is a very broad connection between models of beyond
the standard model physics addressing the hierarchy problem 

and dark matter

• Almost any model involves new particles at the TeV scale, 
  related to the SM particles through new symmetries (SUSY
  partners, KK partners, extra gauge and scalar partners, ...)
• Typically, to avoid things like proton decay and precision 
  EW tests, an extra new symmetry is required (R-parity, 
  KK-parity, T-parity, ...).



Mark Trodden, University of Pennsylvania
Early Universe and Cosmology

DPF 2011
Brown University, 8/11/2011

BSM Physics & Dark Matter

There is a very broad connection between models of beyond
the standard model physics addressing the hierarchy problem 

and dark matter

• Almost any model involves new particles at the TeV scale, 
  related to the SM particles through new symmetries (SUSY
  partners, KK partners, extra gauge and scalar partners, ...)
• Typically, to avoid things like proton decay and precision 
  EW tests, an extra new symmetry is required (R-parity, 
  KK-parity, T-parity, ...).
• This new symmetry renders stable some new particle at
   the weak scale



Mark Trodden, University of Pennsylvania
Early Universe and Cosmology

DPF 2011
Brown University, 8/11/2011

BSM Physics & Dark Matter

There is a very broad connection between models of beyond
the standard model physics addressing the hierarchy problem 

and dark matter

• Almost any model involves new particles at the TeV scale, 
  related to the SM particles through new symmetries (SUSY
  partners, KK partners, extra gauge and scalar partners, ...)
• Typically, to avoid things like proton decay and precision 
  EW tests, an extra new symmetry is required (R-parity, 
  KK-parity, T-parity, ...).
• This new symmetry renders stable some new particle at
   the weak scale

Often, this stable new particle is an ideal WIMP 
candidate!
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Making WIMPs
We know we can have

Then, can have

X +X → p+ p

p+ p → X +X

X

p

X

p

Time

LHC has already begun constraining some models this way
(particularly the MSSM, which needs a high cross-section to
 avoid overproduction)
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DAMA/LIBRA: 8.9σ signal

D
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 (2010)

Now CoGeNT has provided additional evidence at low mass
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Putting Constraints Together

[http://arxiv.org/pdf/1104.2549]

On the face of it, tension 
between DAMA & CoGeNT 
results and XENON. 

I won’t get into that here.

But theorists are exploring 
loopholes through which 
they could be consistent.

Need models in high cross-section, low mass regime.

Interestingly, this might also be the kind of particle to address
the excess from Fermi, which I won’t discuss here, through
annihilations of dark matter.

http://www.kip.uni-heidelberg.de/~coulon/Lectures/SM/SM.gif
http://www.kip.uni-heidelberg.de/~coulon/Lectures/SM/SM.gif
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•Need a large cross-section, so either quite large couplings or new light 
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• Interestingly, the MSSM doesn’t have a suitable candidate, and 
  extensions are required.

New Model Building



Mark Trodden, University of Pennsylvania
Early Universe and Cosmology

DPF 2011
Brown University, 8/11/2011

Examples: Hooper, Collar, Hall, McKinsey (2010); Fitzgerald, Zurek (2010); Fox, Liu, Weiner (2010); Giuliani (2005);
Chang, Liu, Pierce, Weiner, Yavin (2010); Feng, Kumar, Marfatia, Sanford (2011); Hooper, Finkbeiner, Dobler (2007); 
Dobler, Finkbeiner (2008); Alwall, Feng, Kumar, Su (2010); ...

• Stable particle with low mass (~7 GeV), annihilating non-relativistically 
   primarily to leptonic final states.

•Need a large cross-section, so either quite large couplings or new light 
  particles mediating a new interaction.

• These new particles therefore need leptophilic couplings (or perhaps 
   to carry lepton numbers)

• Interestingly, the MSSM doesn’t have a suitable candidate, and 
  extensions are required.

New Model Building
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SEE NEXT TALK - JONGHEE YOO

Next results to keep an eye on are the CRESST-II results which will
be presented at the TAUP 2011 conference on September 5.
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ä
a

∝−(ρ+3p)

Use simple metric for cosmology and model matter as a 
perfect fluid with energy density    and pressure ρ p



Mark Trodden, University of Pennsylvania
Early Universe and Cosmology

DPF 2011
Brown University, 8/11/2011

Simple Cosmology - a Reminder

Parameterize different matter by equations of state:

Evolution of the universe governed by Einstein eqns

Gµν(g) = 8πGTµν
MatterMetric

The Friedmann equation

The “acceleration” equation

H
2 ≡

�
ȧ
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Simple Cosmology - a Reminder

Parameterize different matter by equations of state:

Evolution of the universe governed by Einstein eqns

Gµν(g) = 8πGTµν
MatterMetric

The Friedmann equation

The “acceleration” equation

H
2 ≡

�
ȧ

a

�2
∝ ρ

ä
a

∝−(ρ+3p)

Use simple metric for cosmology and model matter as a 
perfect fluid with energy density    and pressure ρ p

pi = wiρi

When evolution dominated by type i, obtain

(wi ≠ -1)a(t) ∝ t2/3(1+wi) ρ(a) ∝ a−3(1+wi)
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The Cosmic Expansion History
What does data tell us about the expansion rate?

Perlmutter, Physics Today (2003)

Expansion History of the Universe
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What does data tell us about the expansion rate?

Perlmutter, Physics Today (2003)
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The Cosmic Expansion History
What does data tell us about the expansion rate?

Perlmutter, Physics Today (2003)
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We now know, partly 
through this data, that the 
universe is not only 
expanding ...

ȧ > 0

... but is accelerating!!
ä > 0

If we trust GR and recall that
ä
a

∝−(ρ+3p)

Then we infer that the universe must be dominated by some strange 
stuff with p<-ρ/3.  We call this dark energy!
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Universal Cosmological 

Constant of unknown origin

Is the universe 

accelerating?

Is General 

Relativity correct?

Is the Strong Energy 

Condition violated?

Is Dark Energy constant 

in our observable universe?

Is Dark Energy constant

 everywhere?

?

Photon -axion mixing,

Dust redenning…? 

Modified gravity

2nd order effects

 of subhorizon 

inhomogeneities

Dynamical dark 

energy models

String theory Landscape

 with anthropic arguments

No

No

No

No

No

Yes

Yes

Yes

Yes

Yes

(Bean, Carroll & M.T., DETF White Paper (2005) [astro-ph/0510059])
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[Image: SLIM FILMS. Looking for Life in 
the Multiverse,  A. Jenkins & G. Perez, 
Scientific American, December 2009]

At this stage, fair to say we are almost completely stuck! 
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An important step is understanding how to
compute probabilities in such a spacetime

No currently accepted answer, but quite a bit of
serious work going on.
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Anthropics provide a logical possibility to explain this, and the string 
landscape, with eternal inflation, may provide a way to realize it.

An important step is understanding how to
compute probabilities in such a spacetime

No currently accepted answer, but quite a bit of
serious work going on.

Too early to know if can make sense of this.

If a dynamical understanding of a small CC is
found, it would be hard to accept this.

If DE is time or space dependent, would be hard to explain this way.

The Cosmological Constant 

[Image: SLIM FILMS. Looking for Life in 
the Multiverse,  A. Jenkins & G. Perez, 
Scientific American, December 2009]

At this stage, fair to say we are almost completely stuck! 

http://www.scientificamerican.com/author.cfm?id=2217
http://www.scientificamerican.com/author.cfm?id=2217
http://www.scientificamerican.com/author.cfm?id=2218
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Modifying Gravity
Before we start playing with actions, let’s ask: what degrees 
of freedom does the metric       contain in general?gµν
(Decompose as irreducible repns. of the Poincaré group.)

The graviton:
a spin 2 particle

The graviton:
a spin 2 particle

gµν

hµν

The graviton:
a spin 2 particle

Aµ
A vector field:

a spin 1 particle

φ

Scalar fields:
spin 0 particles

We’re familiar
with this. These are less familiar. 

Almost any other action will free some of them up
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Issues with new d.o.f.
• GR is very well tested in the solar system.  
   The new fields can change the paths of light. 
• Some of the best tests from Shapiro time 
   delay from the Cassini spacecraft
Another problem is that they can lead to 
instabilities because they are ghost-like 
(have the wrong sign kinetic terms.) 
If we were to take these seriously,
they’d have negative energy!!
• Ordinary particles could decay
   into heavier particles plus ghosts

(Carroll, Hoffman & M.T., Phys.Rev. D68: 023509 (2003) [astro-ph/0301273])

(Cline, Jeon & Moore. (2004))
• Vacuum could fragment
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Even if just put 5d gravity and brane matter in space,
  will induce an Einstein-Hilbert term on brane.

An Interesting Idea

(Dvali, Gabadadze & Porrati)

S =
M3

5

2rc

�
d5x

√
−G R(5) +

M2
4

2

�
d4x

√
−g R
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(Carroll, Duvvuri, M.T. & Turner, Phys.Rev. D70: 043528 (2004) [astro-ph/0306438])
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Even if just put 5d gravity and brane matter in space,
  will induce an Einstein-Hilbert term on brane.

An Interesting Idea

(Dvali, Gabadadze & Porrati)

S =
M3

5

2rc

�
d5x

√
−G R(5) +

M2
4

2

�
d4x

√
−g R

• On small scales get 4d
   gravity
• On large scales start to
   see 5d effects
• Can get acceleration (but 
   comes with problems)

Thus, only a small number of viable approaches (e.g. f(R))
(Carroll, Duvvuri, M.T. & Turner, Phys.Rev. D70: 043528 (2004) [astro-ph/0306438])
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The Decoupling Limit

M4, M5 → ∞ Λstrong ≡ (M4r
−2
c )1/3 kept finite

Very special symmetry, inherited from combination of:
• 5d Poincare invariance, and
• brane reparameterization invariance

π(x) → π(x) + c+ bµx
µ

The Galilean symmetry!

Much of interesting phenomenology of DGP captured in
the decoupling limit:

Only a single scalar field - the brane bending mode - remains
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Galileons

(Nicolis, Rattazzi, & Trincherini 2009)

Can consider this symmetry as interesting in its own right
• Yields a novel and fascinating 4d effective field theory
• Relevant field referred to as the Galilean  

L1 = π L2 = (∂π)2 L3 = (∂π)2�π

L4 = ∂µπ
I∂νπI

�
∂µ∂ρπ

J∂ν∂ρπJ − ∂µ∂νπJ�πJ

�
+ · · · L5 = · · ·

There is a separation of scales 
• Allows for classical field configurations with order 
  one nonlinearities, but quantum effects under control.   
• So can study non-linear classical solutions 
   involving galileon terms, and trust solutions
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receive new contributions.  At all 
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Nonrenormalization!
Remarkable fact about these theories (c.f SUSY theories)

Expand quantum effective action for the classical field about 
expectation value

Γ(πc) = Γ(2)πcπc + Γ(3)πcπcπc + · · ·

Computing Feynman diagrams - 
terms of the galilean form cannot 
receive new contributions.  At all 
loops in perturbation theory, any 
number of fields!

...
1PI

p(1)
ext p(2)

ext

p(m)
ext

p(1)
int

p(2)
int

p(n−m)
int

...

. . .

(Hinterbichler, Wesley & M.T., 2010)

Recently extended to many dimensions and multi Galileons

Have also developed entirely new class of models naturally 
living in curved space. (Goon, Hinterbichler & M.T., 2011)
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Useful?
Fields that can maintain their small couplings are often
naturally useful for inflation or dark energy!
Work just really underway on this, possibly very interesting
in future:

(e.g. Burrage, de Rham, Seery and Tolley 2010)

Galileon inflation - radiatively stable higher derivative 
inflation model - operators protected by covariant version 
of Galileon symmetry.  Potential test via nongaussianity

Connections to massive gravity, higher-dimensional gravity, ...
Interesting to see if this leads anywhere for cosmology in 
coming year.
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A Reminder about Inflation
ρφ ≈V (φ)≈ constant

• Get quasi-exponential expansion - solves 
horizon and flatness problems
• Completely dilutes the universe of any 
particles or energy other than
   that in the inflaton
• Need to regenerate the particle content 
of the universe - reheating.

• The broad predictions of inflation are now beginning to 
  confront observations. We know they require a high-energy 
  density extremely flat potential, but the details of this are
  now being probed as precision measurements emerge.
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Effective Field Theory of Inflation
[Cheung, Creminelli, Fitzpatrick, Kaplan, Senatore (2008)]

Quasi-dS expansion breaks t-invariance. Can treat fluctuations of 
inflaton as Goldstone mode. Like chiral Lagrangian for pions.

For certain purposes, allows treatment of large numbers of 
inflationary models within single framework.

e.g. the bispectrum

Vanilla inflation typically gives 
small effect, but some models 
can give much more!
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Prospects
Φ = ΦL + fNL(Φ

2
L − �Φ2

L�) + · · ·Often parametrized via

−10 < f (local)
NL < 74

−214 < f (equil)
NL < 266

[WMAP 7-Year, Komatsu et al.]

Soon we’ll have Planck!

fNL < 5

This is the big observational test of 
many more exotic models of inflation
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Summary

•  Excitement continues to be generated in cosmology through
    new experimental and observational results in multiple areas.
• The questions thrown up by the data need to find a home in 
   fundamental physics, and theorists are dutifully hard at work
   on this. 
• Many attractive ideas (as well as a lot of ugly ones) are being 
   ruled out or tightly constrained by these measurements.
• I’ve picked three areas that I have found particularly interesting
   over the last year or so.  These are not the only things, and I 
   apologize if I’ve ignored your favorite. More speakers needed!

Thank You!Stay tuned!


