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Introduction and Motivation

Huge number of vacua that arise from compactifications of
string theory seems to lead to a complete loss of
predictability for low energy physics.

String theory is then a effectively a framework, much like
quantum field theory.

Can every consistent effective field theory be obtained as a
low energy limit of some string theory compactification?

Landscape and the Swampland.

Constraints on effective field theory due to coupling with
quantum gravity.

Given such constraints, can we make predictions, in a
statistical sense about infra-red physics!?



Constraints on EFT from quantum gravity

® Bound on the rank of the gauge group.
® Bound on the number of matter fields.

® Finiteness of volume of the target space of
scalar fields.

® These bounds disappear if we turn off
quantum gravity.
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Ensemble/Landscape of Field theories
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Quiver gauge theories with gauge group U(N;) and A;; bi-
fundamentals.
Anomaly free theories = > (A — AN =0
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Asymptotically free theories:

JFt
Purely chiral theories. Non-chiral matter will get a mass

around the string scale and will decouple from low energy
physics.
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Averages and Typicality

Given an ensemble of gauge theories, we can compute the
averages of various quantities, such as the ranks of gauge
groups and the number of bi-fundamental matter fields.

Averages are particularly interesting if they also represent the
typical value of a quantity.

The notion of typicality exists in situations when a
thermodynamic limit can be taken, wherein some parameter
N, controlling the size of the ensemble can be taken to infinity.

Then, a quantity will be typical if its probability distribution
becomes more and more narrowly peaked around its
expectation value
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Choice of Measure
We need to define a suitable measure on the ensemble of field
theories.

Dynamics could in principle give rise to an interesting and
complicated measure.

In the context of string theory landscapes, we may want to take
a more Bayesian approach. For e.g.,, to correctly make statistical
predictions for the UV field theory, given our bounds, we
condition our probability distribution on the known facts about
low energy physics.

We then want the measure on a bounded space of gauge
theories that, when run to the infra-red, contain the standard
model as a sector.

This is well beyond our current capabilities, and we will simply
investigate the uniform measure on bounded spaces of quiver
gauge theories, to study notions of typicality.



Micro-canonical vs canonical ensembles

® Experience in statistical mechanics has shown that directly
computing averages and variances over bounded
configuration spaces can be difficult.

® We can use a grand canonical ensemble to constrain the
total rank and the total number of matter fields by summing
over theories with arbitrary ranks and amount of matter
while including a Boltzmann factor in the measure

exp(—B) Ni—AY AjNiN).
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® |f the number of field theories grows exponentially in the
total rank and the number of matter fields, the canonical

ensemble will brealk down.



Typicality in Toy Landscapes:
Theories without matter
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® N/s form an integer partltlon of N: Z N, =N

® The canonical partition function is
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® Ve can compute the mean and variance of the variables r;
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® So the number of gauge factors rjwith rank j is not typical.



Coarse Graining

® Are there any coarse grained structures in such landscapes
that are more predictable!?

® For e.g, consider the number of gauge factors whose ranks
lie between cv/N and (c + ¢)VN
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® The variance of this coarse-grained variable is
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This means that the variance to mean squared ratio vanishes
in the large N limit indicating that the coarse-grained
variable is typical.

Also, the total number of gauge factors is

I — ln(igu) < O(VN)

Thus in such landscapes, the total number of gauge factors is
highly predicable.

All these results follow essentially because the unordered
partitions of a large integer have a sort of central limit
theorem - representing such partitions by a Young diagram,
the boundary of an appropriately rescaled diagram
approaches a limit shape encoded by the mean values of r;
that we computed earlier.



Cyclic Chiral Quivers
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® Ve will examine an ensemble where the number of matter
fields come as close as possible to some bound K.
Therefore for this setup, the number of fields are uniquely
chosen once the gauge group are selected.

® |n this case, the order in which the gauge groups appear in
the ring of the quiver is important.



e Different orderings lead to different gauge theories, except
for cyclic permutations and reflections - the symmetries of a
regular polygon on a plane.

® Additional symmetries arise if some Nj’s are equal and we
will treat the exchange of groups with identical ranks as
giving the same theory.

This sort of measure would arise if we
imagined our field theory landscape as
arising from D-branes on a Calabi-Yau
in which all the cylces give rise to gauge
theories with the same coupling, which
could happen if we resolve an A.
singularity in such a way that two-cyles
have equal size.




The Canonical Ensemble

® The canonical partition function of this ensemble is given by
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Then, for example, if we put u=1, the expectation value of the
total rank is
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® Similarly, we can compute the number of gauge groups of rank k:
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® We can also compute the variance of this variable:
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This is much larger than the square of the mean. In other words,
the number of group factors with a given rank does not seem to

be typical. Also, the no obvious coarse-grained typical variable
seems to exist.

® This is happening because the canonical ensemble is breaking
down and is not a good approximation to the canonical

ensemble because the growth of the number of field theories is
exponential.



Micro-Canonical Ensemble for the Cyclic Quiver
® |n this example, we can also proceed micro-canonically.

® The micro-canonical partition function for cyclic quiver gauge
theories of rank N and L nodes is simply the number of such

theories.

e This is given by the coefficient of g™ in the expression
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® Ve can sum over L to get a partition function that is canonical
in the number of nodes but micro-canonical in the total rank
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® The expectation value of the total number of
nodes L is
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and the variance is given by
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so the variance to mean squared ratio vanishes in
the large N limit.



Distribution of Ranks

® To find the mean value of the number of groups of rank k, we
can insert a “‘chemical potential” for the rank. So the
partition function becomes
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® The number of gauge groups of a given rank is

typical, and hence highly predictable if the mean is
large.

® The distribution of ranks is exponential and the
low rank populations are statistically predictable.



The General Quiver

® TJo extend our analysis to the general quiver gauge,
we could try to compute a partition sum of the
form

Z=>Y Y exp 6ZN—>\ZAUNN

L Nj,Aj;

® Canonical sum may not be well defined.

® Sum should be only over anomaly cancelled
theories.

® Discrete symmetries exist which tend to lead to
vanishing expectation values.



Asymptotically free, equal rank theories

® These are easy to analyze as there can be only five
different types of vertices in such quivers.
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® Possibly it can be mapped to an existing solvable
lattice model in statistical mechanics.



Dynamics
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Conclusions

e String theorists hope to make predictions for the
fundamental theory up to the Plank scale given observations
below the TeV scale, subject to very general constraints
such as consistent coupling to quantum gravity.

® The best one can do is to predict the likelihood of possible
high energy theories, conditioned on the known facts below <Bayesian
the TeV scale, the known constraints, and our best guess
regarding the measure on the space of theories.

® We have used the uniform measure on specific effective
field theory landscapes. String theory and field theory
dynamics will lead to a more complicated measure.
However, because the uniform measure leads to typicality
for certain coarse-grained properties, an alternative
measure would have to concentrate on an exponentially
sparse part of configuration space in order to change the
typical predictions of the uniform measure.



