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WHAT IS DARK MATTER?

* Sticky glue that holds galaxies together

* Doesn’t (strongly) interact electromagnetically

* Roughly 25% of the universe
* Regular matter is only 5%



WHAT MUST PARTICLE DARK
MATTER BE

* Doesn’t decay/long lived

* Non-relativistic

e That’s it



WHY SELF-INTERACTIONS

* Solutions to the following problems (Tulin & Yu, 2017):
e Core cusp
* Too big to fail
e Final parsec

* Phenomenologically viable and interesting counterpart to DM
that interact with the Standard Model



CURVED SPA




QFT IN CURVED SPACETIME
* QFT is formulated on a Minkowski background

e Can define an everywhere timelike Killing vector
* Invariant vacuum under the Poincare group
e Still works when m? > H?
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* FRW admits no timelike Killing vector

* Positive-frequency modes can’t be matched with the same Minkowski
modes at infinity



WHAT ARE PARTICLES REALLY?
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BOGOLUBOV COEFFICIENTS
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ADIABATIC PRODUCTION

* When the spacetime is slowly varying
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ADIABATIC PRODUCTION CONT.

* The condition of adiabatic expansion relies on the ratio
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* In a radiation-dominated universe in the long wavelength limit:
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NON-ADIABATIC PRODUCTION

e Taking Hp = Hy/Qr ~ 107V
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» Even for mev ~ 1where a(rg) ~ 107" there is a period of non-
adiabatic evolution

—1/2 1

a(tr) ~ 1072 < 107 1"m , TR = . Hyg ~ 10'° GeV
(77) v r vVHRrHgs 4




PARTICLE PE
DARK MATTER




PREVIOUS RESULTS:
ASSUMPTIONS

e Spectator scalar field in Bunch-Davies vacuum
* Production is just coming from cosmic expansion

e Assume instaneous transition from inflation to radiation-
dominated

* But assume scale factor and derivatives, mode functions and derivatives
are continuous at the transition



PREVIOUS RESULTS: THE MODEL
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DARK MATTER ABUNDANCE
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PUTTING IN THE SELF-
INTERACTIONS
WORK IN PROGRESS
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IN DE SITTER SPACE

e Correlation function for scalar fields in de Sitter has been
computed [Starobinsky et al., 2020]
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IN RADIATION-DOMINATED

* Consider differing limits
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RADIATION-DOMINATED CONT.

e Other limit
m2gy < Ad?
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e Parametric resonance!
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DEEP CONCEPTUAL AND
TECHNICAL CHALLENGES

* Haven’t yet defined a vacuum for the “observer”
* Ignoring loops and radiative corrections
* Evolving effective mass

* Properly interpolating between the different limits for the
condensate



FUTURE WORK

e Calculate occupation number for produced particles
e Check to see if produced particles are non-relativistic

* Calculate energy density of produced particles

 Check to see if matches the correct dark matter abundance (and if so,
for what values of the parameters)

* Compute observables (future project)



SUMMARY

* Quantum field theory in curved spacetime is a very interesting
subject and is ripe with phenomenological potential

* The inherent ambiguity of the definition of particles in a curved
spacetime poses deep conceptual issues but also leads to
potentially interesting phenomenology such as acting as a
production mechanism for dark matter in the early universe

* Including self-interactions is a worthwhile endeavor that can
expand the DM parameter space of particles that can be
produced
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CORE CUSP PROBLEM

e Simulations of dark matter show that the density of non-
interacting, cold dark matter in low mass galaxies drops oftf like

1
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* Observed density of dark matter drops off like Pcpm ~ constant



TOO BIG TO FAIL

e Subhalos are too dense in central regions to be consistent with
stellar dynamics of the brightest dwarf spheroidals |Tulin & Yu,

2017]



FINAL PARSEC PROBLEM

* The simplest models of supermassive black hole mergers
(assuming GW emission is the only source of energy loss)

predict that the timescale for merging once the SMBH
separation is of order 1 pc is larger than a Hubble time [Alonso-

Alvarez et al. 2024]



ADIABATIC APPROXIMATION

* Analytic results extracted recursively
* Expansion “parameter” is the number of derivatives of the scale factor

* Assume slowly varying spacetime
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