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Introduction and 
Motivation

Cosmology has matured into a precision 
science with a wealth of data: CMB 
anisotropies, Lensing, Type Ia Suernovae,Large 
Scale Structure, soon to come SNAP. . .

The interplay between cosmology and particle 
physics holds the promise to address 
unresolved observational problems.

Today we focus on three observational and 
theoretical mysteries.



Common Issues in 
Particle-Cosmology
Baryogenesis:  Why on largest observed 
distances, is there virtually no anti-matter (anti-
galaxies) observed?

Primordial Magnetic Fields: All spiral 
galaxies have a magnetic dynamo that plays  
role for star formation and cosmic ray physics.

Who is the Inflaton?



Key Insights
Model independent Anomaly (quantum 
mechanical violation of a classical symmetry) 
cancelling interactions, that arise from string 
theory contribute to the standard model can 
source magnetic fields and matter asymmetry.

Inflation works together with these anomalies 
to amplify an otherwise small effect.

After Inflation magnetic fields are necessarily 
generated in a surprising way from the 
anomaly.



Lofty idea, but can we 
test it?

Yes, these models predict:

1) New PPN Parameter.
2) Possible circular polarization signal in CMB 

anisotropy!



Part I
Baryogenesis





Baryon asymmetry is 
measured in the CMB 

anisotropies







The Mechanism

Inflation

Inflaton sourced GW production:
CP Violation in Inflaton’s phase

Gravitational Anomaly
 -> lepton production

Rapid Expansion: 
out of equilibrium

(CP)

(EQ) (B)



Inflation is an epoch wherein
The scale factor has positive acceleration

Today

 gravity
wave generation



Idea:  During inflation gravity waves can generate
Lepton number if they are sourced by the phase of the
Inflaton field

Imbalance of handedness in GW spectrum 
(Circular Dichroism)  

Gravity Wave 





Alvarez-Gaume, 
Nelson, ‘85

Cardoso, Ovrut, 
‘91





Perturbed FRW metric:

During inflation the
gravity waves obey:





NEW 
INGREDIENT











Caveat: Still 
some fine 

tuning



Are There Ways to Test 
This Mofication to Gravity in the 

Contemporary Universe?

Yes, with the Parameterized Post-Newtonian 
Approximtion

Jackiw,  “There are many ways to 
modify GR.  But the Chern-Simons 

is well motivated by particle 
physics.”



The key interaction is the 
gravitational anomaly 

coupled to the complex 
phase of the inflaton f(φ)

This term can be tested in solar system 
with a new PPN parameter

We first need to introduce 
the Cotton -Tensor



S.A., Yunes, PRL (2008) Kamionkowski, PRD (2008)







Birefringent Gravitational Wave Detection

S.A., L.S. Finn, N. Yunes, 2008

Bottom Line:  Circularly polarized birefringent 
GW measurement of 

an order of magnitude better than solar system



We can construct the Minimally 
Supersymmetric Standard Model with the 

anomaly couplings.

This was accomplished by Ovrut et al. 
Adv. Theor. Math Phys 2002

In our 4D 
world,The 
strings will 

carry quarks in 
their core



Point particles (0D) couple 
to one a one form 

Likewise our 3-braneworld couples to  
4 form potential

Branes and Couplings

cosmic 
string 
field

Magnetic 
Field



Theme So Far:

D-brane/String Inflation 

Inflation Ends

Gravitational 
Anomaly

Gauge  Anomaly

Matter Asymmetry

Heterotic Cosmic 
String Formation

Primordial Magnetic Fields

Illuminating the Visible Side of Our Universe



1)  Most Galaxies like our Milkyway are 
permeated by a magnetic field on the order 
of a few μGauss.  Clusters are observed to have same 
magnitude.

2) A non-linear dynamo mechanism can amplify 
and maintain the magnetic fields but a primordial 
seed is still required

The origin of this seed field is still a 
mystery.

Primordial Magnetic Field 
Mystery





Text

Optical: M51 Spiral

B-field traces optical 
contours.



Part II
Primordial Magnetic Fields from 

Cosmic Superstrings 
We have seen that the gravitational 
Chiral anomaly contributes to the 

standard model to possibly generate 
lepton asymmetry during inflation.

This term is necessary for the 
consistency of String theory.

We now show how a similar anomaly 
can play a role in the generation of 

galactic magnetic fields.



D-brane Driven Inflation
Dvali, Tye; S.A; Burgess et. al. (2001)

Annihilation of 
Brane-Anti Brane in 

Early Universe 
generates 

inflationary 
potential with a 

natural graceful exit.  



D-brane Driven Inflation

Dvali, Tye; S.A; Burgess et. al.

Our
Brane

Extra
Brane

Anti
Brane



D-brane Driven Inflation

Dvali, Tye; S.A; Burgess et. al.

Our
Brane

Extra
Brane

Anti
Brane



D-brane Driven Inflation

Dvali, Tye; S.A; Burgess et. al.

Our
Brane

Extra
Brane
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Brane



D-brane Driven Inflation

Dvali, Tye; S.A; Burgess et. al.

Our
Brane

Extra
Brane

Anti
Brane



Polchinski, Copeland, Myers,S.A, Tye, 
Dvali, Stoica

Cosmic Supestrings are 
inevitable after brane 

inflation



Cosmic String Quickie

Vacuum 
manifold:



In 1985 Witten argued that heterotic string 
could exist as a cosmic string in 4D.  Recall 

that (developed at Penn) heterotic has 
standard model realization (chirality)

He identified the heterotic string as an axionic 
cosmic string, with tension.

Unfortunately, the solution was unstable
an violated the observational bound

(nice prophetic 
coincidence for us)

Tension:



Becker, Becker and Krause ‘06

Found that heterotic cosmic strings which 
arise from strongly coupled heterotic M-

theory supported by M5 branes (high 
tension) can satisfy bound and also be stable 

(which is key for magnetogenesis!).

These strings are also realized as axionic 
cosmic strings.  We show that they have the 

necessary couplings to seed galactic 
magnetic fields at end of inflation

Brandenberger, Zhang



String Network After 
Inflation

€ 

3×109  lightyears
Scale free network after

Allen and Shellard (1990)

heterotic 
cosmic string



Cosmic Strings and 
Magnetic Fields

Let us consider an effective Lagrangian of 
cosmic string

The above come naturally from 
heterotic string theory

cosmic strings will carry 
charged quarks currents in their 

core.



Main Point:  Charged quarks on axionic 
string induces a magnetic field circling the 

string.

From Kibble Mechanism, string network and 
magnetic field naturally scale with the 

Hubble radius soon after they form.  This 
solves the coherence problem.  



Maxwell equations get modified!

string 
solution:

The string will source a 
magnetic field -> Magnetic 

Induction

Varying our Lagrangian:



Analogy:   Magnetic field 
generated by current moving along 

a wire (string)



“Fermion current 
is sourced by

electromagnetic 
anomaly in string”

Kaplan, Manohar, ‘88

1) String interacts with photons and quarks.
   2) Quark supercurrent along string:

a) stabilizes string.
              b) generates magnetic field



From solving the field equations, we finally 
obtain the magnetic field!

n=number density of 
charge carriers on 

string
r=distance from string

The quark current 
generates coherent B-field 

outside string.



The string network eventually 
aprroaches a scaling solution 

The magnetic field will be coherent 
on the scale of the correlation length 
(Hubble Radius at End of Inflation).

After some algebra



In the heterotic cosmic string case:

1) The strings are stable.

2) The phase transition temperature can 
be larger.

This means a larger magnetic field.



Part III

Circular Polarization in the 
CMB and Chern-Simons



The Chern-Simons term
will produce circularly polarized 

GW’s

Why should we expect this?



The CMB photons are expected to be 
linearly polarized as there are no 

sources for circularly polarization in 
Thompson scattering.

But now the anomaly term sources 
circular polarization!

Anomaly Interaction:

Boltzmann Eq for 
photon:

where



Linear -> Circular

Source for Circular 
Polarization



Soon to come...

A Direct Source of Circular 
Polarization in the CMB

S.A, A. Kosowsky, J. Ochoa



Future Mission

In 2367, the USS Enterprise-D was nearly destroyed after an encounter with a cosmic string fragment approximately one hundred 
and seven kilometers in length. The ship inadvertently became trapped by a group of two-dimensional lifeforms who lived in the 
string and were attempting to return home. In order to escape, the Enterprise used its parabolic dish to simulate the vibrations of the 
string long enough to confuse the lifeforms and disrupt their hold on the Enterprise. After the Enterprise was freed, the lifeforms 
continued on course to the string.



Conclusion & Outlook
Baryon asymmetry and origin of primordial magnetic 
field mystery combine cosmological dynamics with 
model independent modifications of GR and standard 
model from string theory.

Potential for new observations in circular 
polarization in future CMB missions (POLARBEAR 
telescope with Keating and Lee )

Could these ideas be implemented in Ekpyrotic 
scenario of Khoury, Ovrut and Steinhardt?

What is the effect of these anomalies on Lensing?

What about the dark sector (dark matter and dark 
energy)?


