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Inflation and the cosmological collider

[Arkani-Hamed&Maldacena, 2015] [Chen&Wang, 2009] [Baumann&Green, 2011]
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Signhal enhancement: One way or another

[Barnaby & Peloso, 2011]

SNR —TT [Liu et al., 2019]
~ |B | ~ € [Adshead & Sfakianakis, 2015]
[Chen, Wang & Xianyu, 2018]
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Chemical potential in the late universe

® Gauge fields sector: Tachyonic instability

> Efficient ALP to DPDM conversion
0, ¢.JH

[Co, Pierce, Zhang, & Zhao, 2018]

ALP > » Gravitational wave production
¢ [Machado, Ratzinger, Schwaller, & Stefanek, 2018, 2019]
® Fermion sector

» Helicity asymmetry & baryogenesis
[Adshead & Sfakianakis, 2015, 2016]

Therefore:

* Chemical-potential-assisted particle production is a generic phenomenon.
* A systematic investigation is necessary



Chemical potential: A formal discussion

 What do we mean by chemical potential?

Chemical potential (OU )
k===
N/,
J. W. Gibbs, 1876

From Wikipedia, the free encyclopedia

In thermodynamics, chemical potential of a species is energy that can be absorbed
or released due to a change of the particle number of the given species, e.g. in a

e Grand canonical ensemble

Z — 6_(H_H‘N)/T

e + Locality & Lorentz covariance External chemical

—— > potential provided
by a local field
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Chemical potential: Examples in dS

e Spin-1 (Non-conserved current, closed k)

Chern-Simons current: Jig = EFPTALF,, \\‘/

Choose #, = a(T)kd), I 6

1 1 1
Sy = / d'zy/—g [—ZFWF’“” +omPA, AN Ze(T)gmewFpa]

@ Massive axion electrodynamics

[Barnaby & Peloso, 2011]

In dS, EoM is exactly solvable: [Liu et al., 2019]
[Wang & Xianyu, 2020]

>1 -~
Number density: |3+ (k)|* K72 o 2m(uER)

linear and biased




Chemical potential: A short summary

* General form: ALchem = kpu(x)J" (2)

 Powered by: E.g., a bg rolling scalar. | —

* Physical effects:

» A linear and biased shift of mass
» Non-linear features for fermions (Pauli blocking)

dS mode functions are solvable, but other spacetimes?

Even if | 8]? is solvable in dS, but production time,
production duration?

A systematic way to analyze CPAP?



Stokes phenomenon

5 Airy functions
azy —zf =0  Solution ~ f =¢; Ai(2) + c;Bi(2)

__Z3/2
; —-3n/2
Ai(z) ~ =7 Z (—1)"c,z=3"
Crossing the Emergence of a
Stokes line: negative frequency
Im z3/2 =0 mode
[Stokes, 1864, 1871, 1889, 1902]

_\ / [Dingle, 1973]
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Stokes phenomenon and particle production

d*f
EoM: F+W2(z)f =0
@ Near a simple root: w2(z) ~ A (z — z.) + -+
d*f
P +A(z—2z.)f =0 |:> Same Stokes phenomenon
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Stokes phenomenon and particle production

dZ - _ z
d_Z]; +w?(2)f=0 » Singulant F(z) = —2@)\/2 w(Z1)dZ%zcz
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[Berry, 1988, 1989]
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Stokes-line method for fermions

EoM: ig(us):(—sk’—aﬁ: am )(u3>
oT \ Us am sk + akx Vs
e A1%torder ODE
* A two-level system (Landau-Zener)

e~ F(z) ImF'(2)
~ 1 Erf | — err
B(z) 5 [ + Er ( TR ) ] [Berry, 1990]

Compare to bosons:

with | F'(z) = —2i /Z E(z1)dz )
%o F(z)=-2i / w(z1)dz
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A recipe for cooking particles

Step.1 Step.2 Step.3 Step.4

e Find the e Draw the e Calculate e Obtain the
simple Stokes line the production
roots singulant history

w? (z;) =0

Step.5

e Fermion
replacement
rule




Application to CPAP in FRW

* Goal: An analytical/semi-analytical computation of the fine-grained
production histories in common FRW.

* Assumption: A constant external chemical potential

Justification:

1. Insome cases, it is so.
2. LO approximation

3. Mathematically simple
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Application to CPAP in FRW

A systematic and classification
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Application to CPAPP in FRW: dS
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Application to CPAPP in FRW: MD
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Conclusion & outlooks

CPAPP is common in both the early &
late universe

Examples in dS

Stokes phenomenon and a recipe for
cooking particles

Application: A systematic and analytical
classification of CPAPP

O A better treatment of |3|? ~ 1?
O Dynamical chemical potential?
O Non-trivial initial conditions?

0 Understanding cosmological
collider physics (loop estimations,
etc.)?

[ Stokes-line method for parametric
resonance”? [Yamada,2021]

O Higher spins?
(In progress, with Zhong-Zhi Xianyu)
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