
           Horizon Physics 
                 and
         String Theory

Based on work of many 
contributors and collaborators.

(New results mentioned in this talk based on work
w/M.Dodelson, Kang; Flauger, Mirabayi, Senatore; 
Munchmeyer/Peiris...Planck) 

Plan:
I.  Horizons in relativity and observations
II.  Subtleties with featureless horizon physics:  
(how) do low energy field theory and general 
relativity break down?
  Applications to black hole physics and inflationary 
cosmology



     General Relativity:  

``Curvature = Stress-energy"

This leads to curved spacetimes 
with horizons, e.g.:
*black hole formation sourced by 
sufficiently dense matter
*accelerated expansion of the 
universe sourced by 
approximately homogeneous 
stress-energy



Horizons:
The Einstein equations have 
solutions in which observers lose 
causal contact with some regions 
of spacetime.   

The energetics of probes strongly 
affected:  get large redshifts and 
relative boosts.



For example, de Sitter 
(exponentially expanding) 
cosmology:





Black Hole horizon

Classically, exterior geometry largely 
independent of formation matter, just 
depending on mass, spin, charge.  There 
is substantial evidence that this is just a 
coarse-grained description.



Black hole thermodynamics and 
statistical mechanics





Hawking evaporation calculation 
gave thermal (information-losing) 
result => Since AdS/CFT says 
otherwise, something has to give.



There is substantial observational 
evidence for both kinds of horizons

Sensitivity to EM and 
gravitational radiation closer in

black holes



Cosmological horizons

Late 
universe
acceleration

Early U:  super-horizon perturbations at 
recombination, highly nontrivial test of 
inflationary cosmo

Planck



Curvature is weak (compared to 
Planck scale) at horizon (it grows 
large at singularity).  As a result, 
for many purposes, GR and 
quantum field theory suffice to 
describe the (coarse grained) 
physics.  However, this 
description is incomplete in 
important ways, even at the 
horizon, far from singularity.  



Effective Field Theory and 
dangerous irrelevance:

Standard method parameterizing 
our ignorance of high(er) energy 
physics



e.g. scalar quantum fields



There is an infinite sequence of 
`irrelevant' perturbations, those 
with  Since these die out at 
low Energy, we can often make 
reliable physical predictions 
despite our ignorance of this 
infinite sequence.  
However, physics can become 
sensitive to `UV completion' even 
in systems with low input energies. 
This subtlety arises in the 
presence of long time evolution 
and/or large field excursions.



An electromagnetic example:   
Consider a weak electric field 
permeating space, with two 
charges initially sitting at rest.  

The weak field accelerates 
charges over a long time, 
producing a large invariant energy



A similar effect occurs in weakly 
curved geometries with a 
horizon: evolution of trajectories 
of (say) two probes sent in with 
modest energy leads to a large 
nonlocal invariant energy in the 
near horizon region.  





String Theory is a good candidate 
for the theory of quantum gravity, 
let's consider the question in that 
framework.

Embedding in spacetime 
fluctuates:  formally 
infinite mean square size
                
          < XX > 

because of high-
frequency modes.   Need 
high energy probe to 





This effect, if not an artifact of a 
particular gauge choice (i.e. 
choice of coordinates), leads to 
an interaction between early and 
late infallers that goes beyond the 
predictions of naive effective field 
theory (i.e. not controlled by the 
weak curvature).  The 
acceleration of the trajectories 
exponentially amplifies the 
energy.  However, to get a 
substantial effect, the late infalling 
system needs somewhat (but not 
exponentially) high local energy 
(e.g. photons very near the 
horizon).  



A similar setup to the black hole 
appears at six points in tree level
flat space string scattering
Exhibits interaction as predicted by longitudinal 
spreading  (M. Dodelson & ES '15, and to appear)

C and 1' interact at long range, 
as predicted by light cone calc.
(paper to appear shortly)





The String Theory results for A(X) are 
spread out at the expected large scale, and 
do not track the wavepacket tails. 



Applied to black hole, this means 
that a late infalling system can 
sense early infaller (e.g. matter 
that formed black hole) in a way 
that goes beyond effective QFT 
and GR.   
Beyond-GR physics from intrinsic 
string-theoretic non-locality (open 
question: what about QCD...?) 
seems to be able to exploit large 
energy built up in system of early 
and late infallers near horizon of 
black hole.  Ongoing work to 
analyze and apply this to to to 
thought (and real??) experiments. 



There is another subtlety with the 
low-energy description, known as 
dangerous irrelevance, which comes 
into early-U cosmology. 

The higher-dimension (`irrelevant') terms 
can become important if the field ranges 
over a sufficiently large range in field space. 
This is automatic in inflationary cosmology:











Non-Gaussianity:  full probability 
distribution function

This generates N-point correlation 
functions.  Previous searches address 
certain shapes at low N (=3, sometimes 4).  
Recently, we found that simple non-
adiabatic dynamics involving heavy fields 
can generate signal/noise that grows with 
N, requiring analysis of fuller probability 
distribution.  Leading to a new type of NG 
search.



UV sensitivity of Inflation and 
dangerous irrelevance.









w/Flauger, Mirbabayi, Senatore

Relevant for refining searches for oscillatory 
(non-)Gaussianity





Kofman Linde 
Starobinski Traschen 
Brandenberger, 
Chung et al, Green 
Horn ES Senatore...





Probability Distribution

In general this is the functional

The histogram of temperature fluctuations 
in the map would in general be given by

This can introduce non-Gaussian features 
that we may be able to constrain in a more 
model-independent way than searching for 
specific N-point functions.   



For factorized contributions

(then convolved with Gaussian).
For one Fourier mode of mass, 

Moreover, we can implement this 
for general mand get a much 
more model independent 
constraint.  



String theory and Inflation

Despite the complications of the landscape 
of string compactifications, clear 
mechanisms for inflation emerge, some of 
which are falsifiable based on CMB data 
(e.g. primordial gravitational waves or 
shapes of non-Gaussianity).  

These led to a more systematic low energy 
effective field theory analysis of inflation 
and signatures, helping determine which 
features follow from low energy 
considerations and which don't.

A rare opportunity to do some traditional 
science with String theory  



Variety of inflationary 
mechanisms in string theory







Is there a corresponding unbroken phase?





Constraints are tightening...

Multiple projects aiming to detect or 
constrain this as well as observing 
interesting astrophysical sources, include:

(Planck+) BICEP/Keck, SPIDER, ACT, 
SPT, CMBS4, LiteBird,...

Other projects going for large-scale 
structure probes of cosmology, e.g. 
Sphere-X proposal



Inflationary cosmology and 
related CMB (and large-scale 
structure) horizon observables 
are formally `UV sensitive', 
requiring modeling with control of 
QG corrections (especially with 
respect to primordial GW).  
Ongoing program to analyze and 
test string theoretic inflation 
mechanisms, although can't turn 
it around given limited data.  
Regardless of their fate, this has 
led to much more systematic 
understanding of inflationary 
theory and motivates specific 
searches for new physics.  



Summary:
Horizons are predicted by general 
relativity and near-horizon 
physics is seen in some 
observations.
Even though weakly curved, they 
exhibit sensitivity to physics 
beyond GR and quantum field 
theory, because of long-time 
processes and, the `dangerous 
irrelevance' of large field 
excursions, and their 
microphysical entropy counts.
This is a fruitful playground for 
thought experiments and even 
some real ones.     


