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What’s the matter with matter?



Andrew Long   (Rice University)Gravity’s Gift

What’s the matter with matter?

CMB anisotropies tells us 
the cosmological energy 

fraction in baryons

for baryogenesis studies, 
we conventionally use the 

baryon-to-entropy ratio

[Planck (2018)]

baryogenesis = an event that we think occurred 
in the early universe and gave rise 

to the excess of matter over antimatter

Although, we’ve measured the amount 
of ordinary (baryonic) matter … 

… we still don’t know why there’s any matter at all.
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simple & testable
baryogenesis scenario

gravity creates 

primordial grav. waves 

their imprint on CMB 
polarization should be 

detected with next-
generation telescopes

gravity creates 

a nonthermal population 
of heavy Majorana neutrinos

their out-of-equilibrium 
decays create the BAU
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Nonthermal leptogenesis with Type-I seesaw

Yukawa interaction

Decay channels

Total decay rate
Where does the initial 

population of N’s come from?

CP-violation favors decays into leptons

(if masses are hierarchical)

The model = Type-I seesaw

(hierarchical 
spectrum)

If decays occur in R-dom @ temp T*
(assumes: inv. decays & 

scattering are out of equilib)

leptogenesis:  Fukugita & Yanagida (1986)
nonthermal LG:  Lazarides & Shafi (1991) + tons
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cosmological gravitational 
particle production (CGPP)

<latexit sha1_base64="6MW5qhJ2arcHW8AAVGsXybANOuc=">AAABY3icZY7LSgMxFIZP6q22XsbqTgRxNnUzZKTotuCmuKrgtAVbSiYea2gyCUlGKKWv4FZfzQfwPbSaje23+vjPOfwnN1I4T+knqWxsbm3vVHdr9b39g8PoqNFzurQcM66ltoOcOZSiwMwLL3FgLDKVS+zn09vlvP+K1gldPPiZwZFik0I8C878MmJNfzmOYprQX87XJQ0SQ6A7ju6GT5qXCgvPJXPuMaXGj+bMesElLmrD0qFhfMomOFezYG4192iVW/yUp6tV69K7StLrpHXfitud8EYVTuECmpDCDbShA13IgMMLvME7fMAXqZMGOflbrZBwcwz/IGffF4tYnw==</latexit>

a(t)
cosmological 

expansion
particles 

produced

<latexit sha1_base64="Bz3LSGC+/ZPPWZbCmqbUpZ4xTWw=">AAABaXicZY5NS8NAEIZn61etX6leRC9iLvUSEil6LXgJniqYtmhK2axjXbpJlt2JUEL+hVf9X/4G/4RVc7F9Tg/vzPBOopW05PufrLG2vrG51dxu7ezu7R847cOBzQsjMBK5ys0o4RaVzDAiSQpH2iBPE4XDZHbzMx++orEyz+5prnGc8mkmn6XgtIge4hdOZVh16GLiuL7n/3K2KkEtLtT0J85t/JSLIsWMhOLWPga+pnHJDUmhsGrFhUXNxYxPsUzntdnlnNCktlqUB8tVqzK49IIrr3vXdXth/UYTTuEcOhDANfQghD5EICCDN3iHD/hibXbMTv5WG6y+OYJ/MPcbb/hbUw==</latexit>

Ĥ(t)
time-dependent 

Hamiltonian

<latexit sha1_base64="49t7JyNoOH/jLiCus/cshy0G0BE=">AAABgnicZY69TsNAEIT3QoAQ/gyUNAE3iMKySQQNRSSaiAIFCSeRuMg6H4s5+fyju3OkyHLN09DCs/A2hOCGZKpPM7uaCXMptHHdb9LYaG5ubbd22rt7+weH1tHxSGeF4ujzTGZqEjKNUqToG2EkTnKFLAkljsP47jcfz1BpkaVPZp7jNGFRKl4FZ2ZhBdYZlSyNJHboGzPlQxWUdIa8jKuqQ9UyCSzbddylOuvg1WBDrWFg3dOXjBcJpoZLpvWz5+ZmWjJlBJdYtWmhMWc8ZhGWybwmveobVImuFuXeatU6jK4c79rpPfbs/qCe0YJTOIcL8OAG+jCAIfjA4R0+4BO+SJNcEo90/04bpP45gX8itz8L1mTk</latexit>

→N̂ωk↑
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CGPP for Majorana fermions

a homogeneous & isotropic spacetime

expansion is driven by inflaton field

inflaton rolls down a potential 

Dirac equation on FRW background

average occupation number

QFT of Majorana spinor in curved spacetime

original work:  Parker (1969, 70)
fermions:  Chung et. al. (2011)

review:  Kolb & AL (2023)
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After a change of variables
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An analogy with 1D quantum mechanics

spring constant

a field is 
an oscillator
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An analogy with 1D quantum mechanics

Spring constant is varied slowly (adiabatically)

spring constant

a field is 
an oscillator
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An analogy with 1D quantum mechanics

Spring constant is varied slowly (adiabatically) Spring constant is varied quickly (non-adiabatically)

spring constant

a field is 
an oscillator
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Prediction for initial N abundance

CGPP su
ppresse

d 

b/c 
co

nform
al 

sym
metry

C
G

PP suppressed 

b/c kinem
atics

about one N1 particle 
for every 1000 

Hubble volumes at 
the end of inflation

gravity gives us a 
population of heavy 
Majorana neutrinos 

“for free” 

superheavy!
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Putting the pieces 
together
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Baryogenesis scenario:  LG from CGPP

(1)  Type-I seesaw
heavy Majorana neutrinos:  N1, N2, N3

interaction with SM:
appealing features:  light n masses, GUT embedding

(2)  Cosmological gravitational particle production

possible generalizations:  Type-II or Type-III seesaw

CGPP = particles are created by the expansion of the 
universe during inflation & at the end of inflation

preferred parameters:  

typically:  10-3 particles per Hubble volume

(3)  Nonthermal leptogenesis
LG = CP-violating decays of out-of-equilibrium N1’s 
create a lepton asymmetry & sphalerons convert to B

Kobayashi, Yamaguchi, & Yokoyama (2010)
Hashiba & Yokoyama (2019)

Bernal & Fong ( 2021)
Co, Mambrini, & Olive (2022)

Fujikara, Hashiba, & Yokoyama (2022)
Barman, Clery, Co, Mambrini, & Olive (2022)

Flores & Perez-Gonzalez (2024)

(4)  Stiff phase
inflation is followed by a 
phase with w ~ 1

e.g., SUSY flat direction

(5)  Reheating
inflaton’s energy is 
converted into radiation

e.g., irruption

different implementations 
of LG from CGPP
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What do we predict for the BAU?

CP-violating decays to leptons

predicted B-number

predicted B-to-entropy

initial N1 abundance  [comes from CGPP] upper bound (hierarchical spectrum)

stiff phase after inflation

BAU prediction
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How does the stiff phase help?

Varying the equation of state between inflation & reheating

The essential idea:  

smaller TRH 
for same aRH
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How long can the stiff phase last?
Eroncel, Gouttenoire, Sato, Servant, & Simakachorn (2501.17226)

homogeneous inflaton ~ a-6

inflaton fluctuations ~ a-4

Fluctuations dominate 
within ~10 e-foldings,
and kination gives way 
to radiation domination.
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Viable parameters 
& predictions



Plasma too hot at reheating.  
Inverse decay creates N1’s.  
Nonthermal LG not viable.  

Kination phase is too short. 
Reaching YB = YB

obs = 10-10 
would require e > eDI.  

Kination phase is too long.  
Inflaton field fluctuations 
would dominate & terminate 
kination after ~10 e-foldings.  

Eroncel et. al. (2025)

Inflationary GW too strong.

white triangle = just right!
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Summary & Discussion

summary

• A simple & testable scenario for 
baryogenesis:  LG from CGPP

• Some abundance of heavy Majorana 
neutrinos are invariably produced at the 
end of inflation due to gravity alone

• Their CPV+OOE decays produce lepton 
number that leads to a baryon asymmetry

• If inflation is followed by a stiff phase 
(e.g., kination), the predicted baryon 
asymmetry can match the observed BAU 

discussion

• Since N’s arise gravitationally via CGPP, 
high-scale inflation is required to achieve 
a sufficient abundance 

• High-scale inflation predicts strong 
primordial gravitational wave radiation

• This baryogenesis scenario brings a 
welcome element of falsifiability

• If future observations push the upper 
bound on r below 10-3, it would severely 
constrain our scenario
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(a brief advertisement for 2608.Tuesday)



CMB birefringence from axion strings Andrew Long   (Rice University)

CMB birefringence from axion strings
[Harvey & Naculich (1989)],  [Carroll, Field, Jackiw (1990,91)],   [Harari, Sikivie (1992)]

[Fedderke, Graham, Rajendran (2019)], [Agrawal, Hook, Huang  (2019)]
[Yin, Dai, Ferraro (2021) & (2023)]

axion-induced birefringence:  
an electromagnetic wave 

traveling through a varying axion field 
has its plane of polarization rotated

CMB !
axion string loop

rotated 
CMB !

* birefringence can be measured through E-B cross correlation

rotation angle

assume interaction 
with electromagnetism:  

standard Chern-Simons coupling
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CMB birefringence from axion strings

these measurements 
place powerful 

constraints 
on axion strings 

in the Universe today

[Amin, Jain, Long, Pugsley, Venegas, Whelley (Tuesday)]
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see talk by Moira Venegas 
(Wednesday, P6 CMB)



backup slides
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Davidson-Ibarra bound

CP-violation parameter

Yukawa interaction

Decay channels

Total decay rate

If the spectrum is hierarchical

Meanwhile, seesaw mass relation

In combination: 

Hamaguchi, Murayama, & Yanagida (2002)
Davidson & Ibarra (2002)

Buchmuller, Di Bari, & Plumacher (2003)
Hambye, Lin, Notari, Papacci, & Strumia (2003)

may be interesting to 
explore nonhierarchical N’s 
à  resonant enhancement?
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Boltzmann equations

Boltzmann equations

reactions involving N1 and leptons number density of lepton number

transport coefficients
we adopted the rates & cross sections 

from Buchmuller, Di Bari, & 
Plumacher’s Leptogenesis for 

Pedestrians (hep-ph/0401240)

thermal environment
we suppose that CGPP creates a 

plasma of SM particles with 

at the end of inflation

take away

scattering & inverse decay 
are negligible across the 
viable parameter space
(i.e., the white triangle)
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Evolution of densities via Boltzmann eqns

Boltzmann equations

across the viable parameter space: 
inv. decays & washout = negligible


