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What’s the matter with matter?

many cosmology 
talks start here:

“we don’t understand 
95% of the Universe!”



Andrew Long   (Rice University)Gravity’s Gift 3

What’s the matter with matter?

many cosmology 
talks start here:

CMB anisotropies tells us 
the cosmological energy 

fraction in baryons

for baryogenesis studies, 
we conventionally use the 

baryon-to-entropy ratio
<latexit sha1_base64="cQTu9CTTXC9l7xTOhGXFGGpw0Hk=">AAABgXicZY5NS8NAEIZnWz9q/Yp69BLMRS9hE4IeRCh4ES9WMG3B1LBZx7h0NwnZjVBKr/4ar/pf/Demmovtc3p4Z4Z3kkIKbSj9Jq322vrGZmeru72zu7dvHRwOdF6VHEOey7wcJUyjFBmGRhiJo6JEphKJw2RyvZgP37DUIs8ezLTAsWJpJl4EZ6aOYsuO7hSmLE7s1yffvrKpS30/sKNCLZRSL7acX6mxV8VrxIGGfmzdRs85rxRmhkum9aNHCzOesdIILnHejSqNBeMTluJMTRvTy7nBUul5Xe4tV63KwHe9cze4D5xe0LzRgWM4gVPw4AJ6cAN9CIHDO3zAJ3yRNjkjlPh/qy3S3BzBP8jlD/e5YAg=</latexit>

!bh
2 = 0.0224± 0.0001

[Planck (2018)]

<latexit sha1_base64="AtfxcKRYjw4D0ZloC2zP3kWuXmQ=">AAABnnicZY5LS8NAFIVv6qvWV9Slm8Fu6sIwkWB1USgKIoJYwT7EtGEyTuvQmSTMTIQS8mv8NW515b/RaDa2Z/Vxzr2cEyaCa4Pxl1VZWl5ZXauu1zY2t7Z37N29no5TRVmXxiJWg5BoJnjEuoYbwQaJYkSGgvXD6WWR91+Z0jyOHswsYUNJJhEfc0rMjxXYrcfAl8S86HF2kY9+UcksDnWOWqiBnbPmOfITibCDsXeEfMMl08jFo+zYxXlg14ugEFoEt4Q6lOoE9o3/HNNUsshQQbR+cnFihhlRhlPB8pqfapYQOiUTlslZSXreN0xJXZS781WL0Dtx3FPHu/fqba+cUYUDOIQGuNCENlxDB7pA4Q3e4QM+LWRdWbfW3d9pxSp/9uGfrME3HO1sYw==</latexit>

Y obs
B = (0.879± 0.004)→ 10→10

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

of matter over antimatter

“we don’t understand 
95% of the Universe!”

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

… we still don’t know why there’s any matter at all.

100%



A simple & testable
baryogenesis scenario



A simple & testable
baryogenesis scenario

gravitational particle 
production sets up 

nonthermal leptogenesis

inflationary grav waves
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Baryogenesis scenario:  LG from CGPP

(1)  Type-I seesaw

<latexit sha1_base64="TYrVQKAzZnpTxiSs8JB4bRWywxY=">AAABwXicZY7LSgMxFIZP6q3W26hLN8FuBHWYkaIrodCNiEgFewGnxiRGmzZzIUmFEub1fAffwa2ubeu4sP1X3/nPfy4sU9LYIPhApaXlldW18nplY3Nre8fb3WubdKS5aPFUpbrLqBFKJqJlpVWim2lBY6ZEhw0b037nTWgj0+TejjPRi+lrIl8kp3ZiEe8piqntG67dTU5mrGMnE5vjS3yKx8TJQY4jkRmpJnFH2aRidJZ29ETm+JYMcNTsS8IeI2osxsf4b03f535OvGrgBzPhRQgLqEKhJvGuo+eUj2KRWK6oMQ9hkNmeo9pKrkReiUZGZJQP6atw8bggM+9boWMzPR7On1qE9pkfnvu1u1q1XiveKMMBHMIRhHABdbiCJrSAwzt8whd8owaSKEP6N1pCxcw+/BNyPycwfa0=</latexit>

Lint = →yijωabL̄a,iNj!
→
b + h.c.

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

(3)  Nonthermal leptogenesis 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

(5)  Reheating

different implementations 
of LG from CGPP
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Baryogenesis scenario:  LG from CGPP

(1)  Type-I seesaw

<latexit sha1_base64="TYrVQKAzZnpTxiSs8JB4bRWywxY=">AAABwXicZY7LSgMxFIZP6q3W26hLN8FuBHWYkaIrodCNiEgFewGnxiRGmzZzIUmFEub1fAffwa2ubeu4sP1X3/nPfy4sU9LYIPhApaXlldW18nplY3Nre8fb3WubdKS5aPFUpbrLqBFKJqJlpVWim2lBY6ZEhw0b037nTWgj0+TejjPRi+lrIl8kp3ZiEe8piqntG67dTU5mrGMnE5vjS3yKx8TJQY4jkRmpJnFH2aRidJZ29ETm+JYMcNTsS8IeI2osxsf4b03f535OvGrgBzPhRQgLqEKhJvGuo+eUj2KRWK6oMQ9hkNmeo9pKrkReiUZGZJQP6atw8bggM+9boWMzPR7On1qE9pkfnvu1u1q1XiveKMMBHMIRhHABdbiCJrSAwzt8whd8owaSKEP6N1pCxcw+/BNyPycwfa0=</latexit>

Lint = →yijωabL̄a,iNj!
→
b + h.c.

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:  
<latexit sha1_base64="+awh43iqCGNuo453wvvgliBoTT4=">AAABj3icZY7NSgMxFIVv6l+tf1NduhnsxtUwU4vdiBTcVKFQwf6AU0Im3tbQZCYkqVhK38Kncasv4ds46mxsz+Lycc69nJtoKawLwy9S2tjc2t4p71b29g8Oj7zqcd9mM8OxxzOZmWHCLEqRYs8JJ3GoDTKVSBwk05uffPCCxoosfXBzjSPFJqkYC85cblEv6NDIj5nWJnv12xT9q3zGirlnoxYiHS/9WEq/Q+t50KEX1KuFQfgrfx2iAmpQqEu9u/gp4zOFqeOSWfsYhdqNFsw4wSUuK/HMomZ8yia4UPOC7Krv0Ci7zMuj1ap16NeD6DJo3DdqrUbxRhlO4QzOIYImtKANXegBhzd4hw/4JFXSJNek9bdaIsXNCfwTuf0GW1VnRA==</latexit>

M1 → He < Hinf ↑ M2 < M3

typically:  10-3 particles per Hubble volume [see next slides]

(3)  Nonthermal leptogenesis 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

(5)  Reheating

different implementations 
of LG from CGPP
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Baryogenesis scenario:  LG from CGPP

(1)  Type-I seesaw

<latexit sha1_base64="TYrVQKAzZnpTxiSs8JB4bRWywxY=">AAABwXicZY7LSgMxFIZP6q3W26hLN8FuBHWYkaIrodCNiEgFewGnxiRGmzZzIUmFEub1fAffwa2ubeu4sP1X3/nPfy4sU9LYIPhApaXlldW18nplY3Nre8fb3WubdKS5aPFUpbrLqBFKJqJlpVWim2lBY6ZEhw0b037nTWgj0+TejjPRi+lrIl8kp3ZiEe8piqntG67dTU5mrGMnE5vjS3yKx8TJQY4jkRmpJnFH2aRidJZ29ETm+JYMcNTsS8IeI2osxsf4b03f535OvGrgBzPhRQgLqEKhJvGuo+eUj2KRWK6oMQ9hkNmeo9pKrkReiUZGZJQP6atw8bggM+9boWMzPR7On1qE9pkfnvu1u1q1XiveKMMBHMIRhHABdbiCJrSAwzt8whd8owaSKEP6N1pCxcw+/BNyPycwfa0=</latexit>

Lint = →yijωabL̄a,iNj!
→
b + h.c.

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:  
<latexit sha1_base64="+awh43iqCGNuo453wvvgliBoTT4=">AAABj3icZY7NSgMxFIVv6l+tf1NduhnsxtUwU4vdiBTcVKFQwf6AU0Im3tbQZCYkqVhK38Kncasv4ds46mxsz+Lycc69nJtoKawLwy9S2tjc2t4p71b29g8Oj7zqcd9mM8OxxzOZmWHCLEqRYs8JJ3GoDTKVSBwk05uffPCCxoosfXBzjSPFJqkYC85cblEv6NDIj5nWJnv12xT9q3zGirlnoxYiHS/9WEq/Q+t50KEX1KuFQfgrfx2iAmpQqEu9u/gp4zOFqeOSWfsYhdqNFsw4wSUuK/HMomZ8yia4UPOC7Krv0Ci7zMuj1ap16NeD6DJo3DdqrUbxRhlO4QzOIYImtKANXegBhzd4hw/4JFXSJNek9bdaIsXNCfwTuf0GW1VnRA==</latexit>

M1 → He < Hinf ↑ M2 < M3

typically:  10-3 particles per Hubble volume [see next slides]

(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

(5)  Reheating

different implementations 
of LG from CGPP
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Baryogenesis scenario:  LG from CGPP

(1)  Type-I seesaw

<latexit sha1_base64="TYrVQKAzZnpTxiSs8JB4bRWywxY=">AAABwXicZY7LSgMxFIZP6q3W26hLN8FuBHWYkaIrodCNiEgFewGnxiRGmzZzIUmFEub1fAffwa2ubeu4sP1X3/nPfy4sU9LYIPhApaXlldW18nplY3Nre8fb3WubdKS5aPFUpbrLqBFKJqJlpVWim2lBY6ZEhw0b037nTWgj0+TejjPRi+lrIl8kp3ZiEe8piqntG67dTU5mrGMnE5vjS3yKx8TJQY4jkRmpJnFH2aRidJZ29ETm+JYMcNTsS8IeI2osxsf4b03f535OvGrgBzPhRQgLqEKhJvGuo+eUj2KRWK6oMQ9hkNmeo9pKrkReiUZGZJQP6atw8bggM+9boWMzPR7On1qE9pkfnvu1u1q1XiveKMMBHMIRhHABdbiCJrSAwzt8whd8owaSKEP6N1pCxcw+/BNyPycwfa0=</latexit>

Lint = →yijωabL̄a,iNj!
→
b + h.c.

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:  
<latexit sha1_base64="+awh43iqCGNuo453wvvgliBoTT4=">AAABj3icZY7NSgMxFIVv6l+tf1NduhnsxtUwU4vdiBTcVKFQwf6AU0Im3tbQZCYkqVhK38Kncasv4ds46mxsz+Lycc69nJtoKawLwy9S2tjc2t4p71b29g8Oj7zqcd9mM8OxxzOZmWHCLEqRYs8JJ3GoDTKVSBwk05uffPCCxoosfXBzjSPFJqkYC85cblEv6NDIj5nWJnv12xT9q3zGirlnoxYiHS/9WEq/Q+t50KEX1KuFQfgrfx2iAmpQqEu9u/gp4zOFqeOSWfsYhdqNFsw4wSUuK/HMomZ8yia4UPOC7Krv0Ci7zMuj1ap16NeD6DJo3DdqrUbxRhlO4QzOIYImtKANXegBhzd4hw/4JFXSJNek9bdaIsXNCfwTuf0GW1VnRA==</latexit>

M1 → He < Hinf ↑ M2 < M3

typically:  10-3 particles per Hubble volume [see next slides]

(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

(5)  Reheating

inflation is followed by a 
phase with w ~ 1

e.g., SUSY flat direction

different implementations 
of LG from CGPP
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Baryogenesis scenario:  LG from CGPP

(1)  Type-I seesaw

<latexit sha1_base64="TYrVQKAzZnpTxiSs8JB4bRWywxY=">AAABwXicZY7LSgMxFIZP6q3W26hLN8FuBHWYkaIrodCNiEgFewGnxiRGmzZzIUmFEub1fAffwa2ubeu4sP1X3/nPfy4sU9LYIPhApaXlldW18nplY3Nre8fb3WubdKS5aPFUpbrLqBFKJqJlpVWim2lBY6ZEhw0b037nTWgj0+TejjPRi+lrIl8kp3ZiEe8piqntG67dTU5mrGMnE5vjS3yKx8TJQY4jkRmpJnFH2aRidJZ29ETm+JYMcNTsS8IeI2osxsf4b03f535OvGrgBzPhRQgLqEKhJvGuo+eUj2KRWK6oMQ9hkNmeo9pKrkReiUZGZJQP6atw8bggM+9boWMzPR7On1qE9pkfnvu1u1q1XiveKMMBHMIRhHABdbiCJrSAwzt8whd8owaSKEP6N1pCxcw+/BNyPycwfa0=</latexit>

Lint = →yijωabL̄a,iNj!
→
b + h.c.

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:  
<latexit sha1_base64="+awh43iqCGNuo453wvvgliBoTT4=">AAABj3icZY7NSgMxFIVv6l+tf1NduhnsxtUwU4vdiBTcVKFQwf6AU0Im3tbQZCYkqVhK38Kncasv4ds46mxsz+Lycc69nJtoKawLwy9S2tjc2t4p71b29g8Oj7zqcd9mM8OxxzOZmWHCLEqRYs8JJ3GoDTKVSBwk05uffPCCxoosfXBzjSPFJqkYC85cblEv6NDIj5nWJnv12xT9q3zGirlnoxYiHS/9WEq/Q+t50KEX1KuFQfgrfx2iAmpQqEu9u/gp4zOFqeOSWfsYhdqNFsw4wSUuK/HMomZ8yia4UPOC7Krv0Ci7zMuj1ap16NeD6DJo3DdqrUbxRhlO4QzOIYImtKANXegBhzd4hw/4JFXSJNek9bdaIsXNCfwTuf0GW1VnRA==</latexit>

M1 → He < Hinf ↑ M2 < M3

typically:  10-3 particles per Hubble volume [see next slides]

(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

(5)  Reheating

inflation is followed by a 
phase with w ~ 1

e.g., SUSY flat direction

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?

<latexit sha1_base64="prX2KzXBYpFJgZ608+8JMPdNdSw=">AAACiHicrY7LSsNAGIUn8VbjrdWlm8GCVNSSSLG4K3UjUqSivUCnhMk4TYdOLs5MKyXkEXwat/ogvo1JTUHbpZ7VN/+cwzlOyJlUpvmp6Sura+sbuU1ja3tndy9f2G/LYCwIbZGAB6LrYEk582lLMcVpNxQUew6nHWd0nf53JlRIFviPahrSvoddnw0YwSo52QXtGE2woKFkPPAhos9jNoFoIDCJDJgIPTDXw3aEnXjODPaQh9VQeFFdxKU720KCuUOFhQheYCPxnrHE3Bwy2zmB53DBDH+6kYNF1IjnmfSVBuMk2Z/1x/804/SPM+x80SybM8FlsDIogkxNO3+LngIy9qivCMdS9iwzVP0IC8UIp7GBxpKGmIywSyNvmpFcvCsqPJmWW4tVy9C+KFuX5cp9pVirZDNy4BAcgRKwQBXUwA1oghYg2qv2pr1rH7qhm3pVv/q26lqWOQC/pNe/AF5Uv4g=</latexit>

ω → !ab!i[Br(N1 ↑ La,i”b)↓ Br(N1 ↑ L̄a,i”̄b)]

!ab!i[Br(N1 ↑ La,i”b) + Br(N1 ↑ L̄a,i”̄b)]

CP-violating decays to leptons

<latexit sha1_base64="nnOlHzm3U7qabNt0V+kHXI6HUi0=">AAABv3icZU7LTsJAFL2DL8RX1aWbRjaYKGmRiC5MUDfGhcFEHgmFZjoOZcJ0OpkZSEjTv/Mn/AW3+gHy6EY4q3POvfecG0jOtHGcL5Tb2Nza3snvFvb2Dw6PrOOTlo7HitAmiXmsOgHWlDNBm4YZTjtSURwFnLaD0dN83p5QpVks3s1U0l6EQ8EGjGAzs3yrj/vXJXNhC9+LsBnqQfKYzvW9fWV7A4VJUrlNk9pdanuXtjfBikrNeCwWMmAh79qzhNn560Kq3jJHRQkTzKS+VXTKzgL2OnEzUoQMDd968T5iMo6oMIRjrbuuI00vwcowwmla8MaaSkxGOKRJNM2YXvUNVZGel7urVeukVSm7N+XqW7VYr2Zv5OEMzqEELtSgDs/QgCYQ+IRv+IFf9IBCJJBcruZQdnMK/4Cmf4zBemc=</latexit>

a3(t)nB(t) = →28

79
ω
[
a3nN

]
init

predicted B-number

<latexit sha1_base64="bAzRcVfu77QUgrsnzv7cSXILnPY="></latexit>

YB = →28

79
ω
TRHHe

4M2

Pl

e3wNRH

(
[a3nN ]init
a3eH

3
e

)
predicted B-to-entropy

initial N1 abundance  [comes from CGPP]

<latexit sha1_base64="MSFGCfscdErLc7JZFn1iIYPZKFw="></latexit>[
a3nN

]
init
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What do we predict for the BAU?

<latexit sha1_base64="prX2KzXBYpFJgZ608+8JMPdNdSw=">AAACiHicrY7LSsNAGIUn8VbjrdWlm8GCVNSSSLG4K3UjUqSivUCnhMk4TYdOLs5MKyXkEXwat/ogvo1JTUHbpZ7VN/+cwzlOyJlUpvmp6Sura+sbuU1ja3tndy9f2G/LYCwIbZGAB6LrYEk582lLMcVpNxQUew6nHWd0nf53JlRIFviPahrSvoddnw0YwSo52QXtGE2woKFkPPAhos9jNoFoIDCJDJgIPTDXw3aEnXjODPaQh9VQeFFdxKU720KCuUOFhQheYCPxnrHE3Bwy2zmB53DBDH+6kYNF1IjnmfSVBuMk2Z/1x/804/SPM+x80SybM8FlsDIogkxNO3+LngIy9qivCMdS9iwzVP0IC8UIp7GBxpKGmIywSyNvmpFcvCsqPJmWW4tVy9C+KFuX5cp9pVirZDNy4BAcgRKwQBXUwA1oghYg2qv2pr1rH7qhm3pVv/q26lqWOQC/pNe/AF5Uv4g=</latexit>

ω → !ab!i[Br(N1 ↑ La,i”b)↓ Br(N1 ↑ L̄a,i”̄b)]

!ab!i[Br(N1 ↑ La,i”b) + Br(N1 ↑ L̄a,i”̄b)]

CP-violating decays to leptons

<latexit sha1_base64="nnOlHzm3U7qabNt0V+kHXI6HUi0=">AAABv3icZU7LTsJAFL2DL8RX1aWbRjaYKGmRiC5MUDfGhcFEHgmFZjoOZcJ0OpkZSEjTv/Mn/AW3+gHy6EY4q3POvfecG0jOtHGcL5Tb2Nza3snvFvb2Dw6PrOOTlo7HitAmiXmsOgHWlDNBm4YZTjtSURwFnLaD0dN83p5QpVks3s1U0l6EQ8EGjGAzs3yrj/vXJXNhC9+LsBnqQfKYzvW9fWV7A4VJUrlNk9pdanuXtjfBikrNeCwWMmAh79qzhNn560Kq3jJHRQkTzKS+VXTKzgL2OnEzUoQMDd968T5iMo6oMIRjrbuuI00vwcowwmla8MaaSkxGOKRJNM2YXvUNVZGel7urVeukVSm7N+XqW7VYr2Zv5OEMzqEELtSgDs/QgCYQ+IRv+IFf9IBCJJBcruZQdnMK/4Cmf4zBemc=</latexit>

a3(t)nB(t) = →28

79
ω
[
a3nN

]
init

predicted B-number

<latexit sha1_base64="bAzRcVfu77QUgrsnzv7cSXILnPY="></latexit>

YB = →28

79
ω
TRHHe

4M2

Pl

e3wNRH

(
[a3nN ]init
a3eH

3
e

)
predicted B-to-entropy

<latexit sha1_base64="QKFN3CKLJ6bO7KBWep3CZqq879U=">AAACEXicZU7LThwxELQJz4WQJZG4cLGyF5DIagZWQCQOSOGVSCCQ2AUJw8hjmo2FPWNszyrI+Cv4Ea7cEFe+gL/JAEMUoE7VVV1dnWoprIuiB9z3oX9gcGh4pDY69nH8U33ic8fmheHQ5rnMzUHKLEiRQdsJJ+FAG2AqlbCfnv149Pd7YKzIsz13oeFIsW4mTgVnrpSS+vUl7TED2gqZZ5dkmfw3JlQx99sov/ozkBopQeG8ED1CTw3jfj74JUK1CNW8lfjtQFRCsyL43vHcS4ZpbfI/5HtzaYFQJxRYEkfH/lurDKai25XT/w5sB/9oxfOlNUte6jegE6pdM5PUG1EzegJ5T+KKNFCFnaT+i57kvFCQOS6ZtYdxpN2RZ8YJLiHUaGFBM37GuuDVRcXsW92BUTaU5fHbqvekM9eMF5qt3VZjpVW9MYym0Fc0jWK0iFbQJtpBbcTxJF7Ga3gdX+EbfIvvnlf7cJX5gl4B3/8FAXGWeQ==</latexit>

|ω| < ωDI →
3

8ε

MNmω

v2
↑ 9.86↓ 10→4

(
MN

1013 GeV

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

<latexit sha1_base64="MSFGCfscdErLc7JZFn1iIYPZKFw="></latexit>[
a3nN

]
init

stiff phase after inflation

<latexit sha1_base64="wD9WHWJ+2k+FN15h2PADcVGNJHM="></latexit>

YB →
(
1↑ 10→10

)( ↓ω

10→1ωDI

)(
MN

1013 GeV

)

↑
(

He

1013 GeV

)2(
TRH

109 GeV

)→1( [a3nN ]init/a3eH
3

e

10→3

)

BAU prediction

<latexit sha1_base64="5MsKJnn52bK5FTwhDvIlvkE755E="></latexit>

w =
1
2 ω̇

2 → V (ω)
1
2 ω̇

2 + V (ω)
↑ 1 ↓ ω̇2 ↔ V (ω)



Some details
[more in backups, if you want to ask]
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10°3

a3
n
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3 eH
3 e

Kination GPP : Majorana Fermion

0.01(MN/He)3/2

0.015 e°3MN/He

Cosmological gravitational particle production

<latexit sha1_base64="0F1NdFi9bAPe9vqVmybSJ91U5f8="></latexit>

i
d

dω

(
uA,k

uB,k

)
=

(
aMN k
k →aMN

)(
uA,k

uB,k

)

Dirac equation in an 
expanding Universe

<latexit sha1_base64="20v8U8MRn1tXCCZCwNRHzqGj4Y4="></latexit>

a3nN =

∫
d3k

(2ω)3

(
|εk,+|2 + |εk,→|2

)

comoving number density 
of N1’s that are produced

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

review:  Kolb & AL (2023)

CGPP su
ppresse

d 

b/c 
co

nform
al 

sym
metry

C
G

PP suppressed 

b/c kinem
atics

model for background spacetime:
inflation + kination

<latexit sha1_base64="nTjU6ieM5GJ5KZzQbo0n5TCyrMI="></latexit>

V (ω) = 1
2m

2
ωω

2 for ω > 0
<latexit sha1_base64="9uRTtGnmH4GAdd2M/pl/J0QObP4="></latexit>

= 0 for ω < 0
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Evolution of densities via Boltzmann eqns
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10°3

10°2

10°1

100

101

√ Y obs
B

tRH/te
"

inflation radiationkination

M = 1 £ 1013GeV, TRH = 6.4 £ 109GeV, " = °"DI, Y final
B = 10°10

a3
ese/a3s

Y CGPP
N

Y Boltzmann
N

Y EQ
N

YB

<latexit sha1_base64="fI40pezNVUZjkzm88JDyQn+JgZk="></latexit>

d
dtnN + 3HnN = →(nN → n

eq
N )

[
!+ 2neq

ω ↑ωv↓1
]

d
dtnL + 3HnL = ε!

(
nN → n

eq
N

)
→ nL

n
eq
L

nε
!

→ 2nLnN ↑ωv↓1 → 4nLn
eq
! ↑ωv↓2

Boltzmann equations

across the viable parameter 
space, inverse decays & 
washout are negligible



Viable parameters 
& predictions



1013

MN (GeV) with He = MN

108

109

1010

1011

1012

1013

T
R

H
(G

eV
)

aRH/ae > e10

r
=

0.034

r
=

10 °
2

r
=

10 °
3

r
=

10 °
4

YB from
thermal production

YB from
nonthermal production

YB
< 10

°10

"DI

10
°1 "DI

10
°2 "DI

3 £ 1012 3 £ 1013

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.  

<latexit sha1_base64="oDiqmZSwVaL2oQwxTIxt14e8itA="></latexit>

YB = →28

79
ω
TRHHe

4M2

Pl

e3wNRH

(
[a3nN ]init
a3eH

3
e

) <latexit sha1_base64="zxwIdroUHFwuPePPt7b3DntQ2C8="></latexit>

→
(
1↑ 10→10

)( ↓ω

10→1ωDI

)(
MN

1013 GeV

)(
He

1013 GeV

)2(
TRH

109 GeV

)→1( [a3nN ]init/a3eH
3

e

10→3

)

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!



Summary & Discussion
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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 falsifyability

• If future observations push the upper 
bound on r below 10-3, it would severely 
constrain our scenario



backup slides
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“A universal bound on the duration of a kination era”
Eroncel, Gouttenoire, Sato, Servant, & Simakachorn (2501.17226)

DESY-25-010, MITP-25-015, OU-HET-1258

A Universal Bound on the Duration of a Kination Era

Cem Eröncel ,1, * Yann Gouttenoire ,2, 3, † Ryosuke Sato ,4, ‡ Géraldine Servant ,5, 6, § and Peera Simakachorn 7, ¶
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2School of Physics and Astronomy, Tel-Aviv University, Tel-Aviv 69978, Israel
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6II. Institute of Theoretical Physics, Universität Hamburg, 22761, Hamburg, Germany

7IFIC, Universitat de València-CSIC, C/ Catedràtico José Beltràn 2, E-46980, Paterna, Spain

We show that primordial adiabatic curvature fluctuations generate an instability of the scalar field sourcing
a kination era. We demonstrate that the generated higher Fourier modes constitute a radiation-like component
dominating over the kination background after about 11 e-folds of cosmic expansion. Current constraints on
the extra number of neutrino flavors !Ne! thus imply the observational bound of approximately 10 e-folds,
representing the most stringent bound to date on the stiffness of the equation of state of the pre-Big-Bang-
Nucleosynthesis universe.

Published version: Phys. Rev. Lett. 135, 101002

I. INTRODUCTION

The equation of state (EoS) of the universe between the end
of inflation and the onset of Big Bang Nucleosynthesis (BBN),
defined by the pressure-to-energy density ratio ω = p/ε, re-
mains unconstrained [1]. While the standard model assumes
radiation domination with ω → 1/3, a period of kination,
where the energy density is dominated by the kinetic energy
of a fast-rolling scalar field, corresponds to ω = 1 [2–6]. Ki-
nation can occur right after inflation in quintessential inflation
models [7, 8], in string compactifications [9–11], or well after
reheating during the radiation era, due to a scalar field rotating
along a flat direction [12–20]. The latter has been proposed to
explain the baryon asymmetry or axion dark matter [21–28].
Kination may also arise from scalar field oscillations in steep
potentials V (ϑ) ↑ ϑ

p with p ↓ 4 [29–32], modified grav-
ity [33], or small-scale anisotropic stress [34–37]. With en-
ergy density scaling as ε ↑ a

→6, kination naturally ends when
it becomes subdominant to Standard Model (SM) radiation,
without requiring decay. A well-studied cosmological impli-
cation of kination is the enhancement of primordial gravita-
tional wave backgrounds (GWBs), generated by inflation [12–
15, 33, 38–65], cosmic strings [13, 15, 16, 64, 66–74], or first-
order phase transitions [1, 15, 64, 75]. For a large tensor-to-
scalar ratio r, the enhanced inflationary tensor modes give a
large contribution to the number of exotic relativistic degrees
of freedom !Ne! . The Planck bound !Ne! ↭ 0.34 (2ϖ) [76]
converts to an upper limit on the number of kination Hubble
expansion e-folding NKD ↭ 12.2+0.5 ln (0.036/r), e.g. [15].

In this letter, we demonstrate that kination not only en-
hances tensor modes but also amplifies scalar modes, which
contribute to !Ne! as well. Using !Ne! ↭ 0.34 (2ϖ), we
place the most stringent bound to date on the duration of kina-
tion, NKD ↭ 10 e-folds. While the previous bound on NKD

from tensor modes strongly depends on the tensor-to-scalar
ratio r, the new upper bound—derived in this work—is inde-
pendent of r and solely set by the amplitude of the curvature
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aKD aRDaend

Inflation Pre-kination

SM Radiation

aNL

ΔNeff

Kination 
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1 + ω = 𝒪(1)
1 + ω ≪ 1

δρ2 ∝ a −4⟨δρ2⟩ ≠ 0

δρ ∝ a−2

ρ ∝ a −6

⟨δρ1⟩ = 0

δρ1 ∝ a −5

Kination     fluctuations

Super-horizon 
fluctuations 

k = ℋKD

Quintessential 
inflation Use this

Figure 1. During kination, inflationary curvature fluctuations
(green) source kination fluctuations (red), which either terminate the
kination era if aRD > aNL or contribute to Ne! if aRD < aNL. The
former is excluded by Eq. (31). We consider kination (blue) either
immediately after inflation (purple) if aKD = aend, as in quintessen-
tial inflation scenario [7, 8], or after unspecified post-inflationary dy-
namics (orange), which is modeled to be radiation-like for simplicity
and a conservative result. ωε1 and ωε2 are the linear and quadratic
corrections to the kination background defined in Eqs. (25) and (26).
The latter implies that kination fluctuations have a non-vanishing vol-
ume average and contributes to !Ne! . Super-horizon energy fluc-
tuations (green) evolve as ωεk → (1 + ϑ)Rk/a

2, see Eqs. (18) and
(22). A sudden rise occurs at the end of inflation when 1+ϑ = 2ϖ/3
initially ↑ 1 grows to O(1), with ϖ being the slow-roll parameter,
cf. Eq. (A3). We picture the super-horizon fluctuations in dashed
since they depend on the gauge, here chosen to be the Comoving
gauge. We show the mode k = HKD that re-enters the horizon when
kination starts since it is the mode that dominates the contribution
to the volume average ↓ωε2↔, cf. Eqs. (27) and (28), and therefore
to !Ne! . The duration of kination is NKD ↗ ln(aRD/aKD). The
quantities aend, aKD, aRD, aNL are the scales factors at the end of
inflation, start of kination, end of the kination, and start of non-linear
regime.

power spectrum PR(k).
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homogeneous inflaton ~ a-6

inflaton fluctuations ~ a-4

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

<latexit sha1_base64="gbObdBnBcQ5kdUeJVCF1ygCIExY="></latexit>

NKD ↭ 9.9 + 0.5 ln
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PR(kω)
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Figure 2. Observational bounds on the duration of a kination era due to the linear growth of tensor (Eq. (16) and blue region) and scalar modes
(Eq. (33) and brown region) violating the observational contraints !Ne! ↭ 0.34 (2ω) [76]. The purple region is a physical upper limit on
the kination duration due to domination by the radiation-like fluctuations, cf. Eq. (31). The power spectra Pt(k) and PR(k) are either given
by the power-laws in Eqs. (4) and (5) for the solid lines or by the predictions from Starobinsky inflation model in Eq. (3) for the dashed lines.
The brown arrow indicates the uncertainty in the spectral-index running εs in Eq. (9), for extrapolating PR(k) above the CMB pivot scale
kω = 0.05 Mpc→1. The solid brown and purple lines assumes εs to be given by the mean of Eq. (9). In the green region, kination would end
after the onset of BBN around TBBN → 5 MeV. In the red region, kination would start at a Hubble scale larger than the value Hend predicted
in Starobinsky inflation (dashed) or its maximal value allowed by the BICEP/Keck bound r ↭ 0.036 [78] (solid).

V. FLUCTUATION DOMINATION

When !ωω(k) > 1 in Eq. (28), the energy density of the
radiation-like kination fluctuations becomes larger than the
energy density of the kination background. This leads to the
kination era to terminate and being replaced by a radiation
era after a duration NKD which we now determine. Assum-
ing PR(k) to be given by the power-law in Eq. (4), Eq. (28)
becomes for NKD = 0.5 ln(kKD/kRD) → 1

!ωω(kRD) ↑
4

ωns(kKD)
PR(kKD) exp (2NKD) . (30)

We conclude that the kination era can not physically last
longer than

Fluctuation domination

NKD ↭ 9.9+0.5 ln

(
2.099↓ 10→9

PR(kε)

)
+0.5 lnns(kKD)

+ 0.5(1↔ ns(kKD)) ln

(
kKD

kε

)
. (31)

This is not an observational constraint but a theoretical
bound on the duration of kination, arising from radiation-like
fluctuations dominating over the kination background. We
now assume that kination terminates before reaching the limit
in Eq. (31) due to the presence of SM radiation and discuss
the contribution of kination fluctations !ωω to ”Ne! , as illus-
trated in Fig. 1.

VI. !Ne! BOUND FROM SCALAR MODES

If no entropy injection occurs, the kination fluctuations con-
tribute to the number of effective degree of freedom at the on-
set of BBN as (cf. App. B):

”Ne!,s = 2.9

(
Gk

0.39

)
!ωω(kRD) (32)

where !ωω(k) is given by Eq. (28). The constraint ”Ne! ↭
0.34 at 2ε [76] can be recast as:

”Ne! -scalar bound

NKD ↭ 8.8+0.5 ln

(
”Ne!,s

0.34

)
+0.5 ln

(
2.099↓ 10→9

PR(kε)

)

+ 0.5(1↔ ns(kKD)) ln

(
kKD

kε

)
+ 0.5 lnns(kKD).

(33)

The bound in Eq. (33) is more restrictive than both Eq. (16)
and Eq. (31). We compare the three bounds in Fig. 2. In con-
trast to the already-known bound in Eq. (16), the two novel
bounds in Eqs. (33) and (31) are independent of the – unmea-
sured – value of the tensor-to-scalar ratio r.
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“A universal bound on the duration of a kination era”
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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we are here
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Davidson-Ibarra bound
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ω = → 3

16ε

1

(yy†)11

∑

i=2,3

Im[(yy†)21i]
M1

Mi
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! = (yy†)11MN/8ω
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ω → !ab!i[Br(N1 ↑ La,i”b)↓ Br(N1 ↑ L̄a,i”̄b)]

!ab!i[Br(N1 ↑ La,i”b) + Br(N1 ↑ L̄a,i”̄b)]

CP-violation parameter
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|ω| < ωDI →
3

8ε

MNmω

v2
↑ 9.86↓ 10→4

(
MN

1013 GeV

)
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Lint = →yijωabL̄a,iNj!
→
b + h.c.

Yukawa interaction

Decay channels
<latexit sha1_base64="K7Hq4UaUrasa7YTicv6sApD1FtU="></latexit>

N1 →
{
La,i!b ↑ ”L = +1
L̄a,i!̄b ↑ ”L = ↓1

Total decay rate

If the spectrum is hierarchical

Meanwhile, seesaw mass relation
<latexit sha1_base64="XoLNptLRnHPfwibzpvLhoWbYk4w="></latexit>

mω → y2v2/MN

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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CGPP details

a homogeneous & isotropic spacetime
<latexit sha1_base64="1WIGbLNFy1MG7d0zBv8+ThP1duY="></latexit>

(ds)2 = (dt)2 → a(t)2|dx|2

expansion is driven by inflaton field
<latexit sha1_base64="/9zt80cd8qot/9H7i0lmY4D/e3I="></latexit>

ȧ

a
=

√
1
2 ω̇

2 + V (ω)

3M2
Pl

<latexit sha1_base64="34HTliBJORWnH9fz1XjTXnn2VkI="></latexit>

ω̈+ 3Hω̇+ V
→(ω) = 0

inflaton rolls down a potential 
<latexit sha1_base64="nTjU6ieM5GJ5KZzQbo0n5TCyrMI="></latexit>

V (ω) = 1
2m

2
ωω

2 for ω > 0
<latexit sha1_base64="9uRTtGnmH4GAdd2M/pl/J0QObP4="></latexit>

= 0 for ω < 0
<latexit sha1_base64="3Du/5+zokxOoE6zWYMlCZw9IJ8A="></latexit>

ωi = 10MPl

mω → 2↑ 1013 GeV

He → 1↑ 1013 GeV

QFT in curved spacetime:  Majorana spinor

<latexit sha1_base64="0F1NdFi9bAPe9vqVmybSJ91U5f8="></latexit>

i
d

dω

(
uA,k

uB,k

)
=

(
aMN k
k →aMN

)(
uA,k

uB,k

)
mode function EOM

<latexit sha1_base64="LDhI0CYV3Z/GMigTRoXZpwr+YQQ="></latexit>

i
d

dω

(
ε̃k

ϑ̃k

)
=

(
0 →iµe2i!

iµ→e↑2i! 0

)(
ε̃k

ϑ̃k

)
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µ =
a
2
kHMN

2(k2 + a2M2
N )

<latexit sha1_base64="h8y1OqSZq+6FtU333hKbQwhF1KI="></latexit>

! =

∫ ω

→↑
dω↓

√
k2 + a(ω↓)2M2

N

average occupation number
<latexit sha1_base64="RI9umG9c+j3uka3c6yqnYMezbFs="></latexit>

a3nN = 2 lim
ω→↑

∫
d3p

(2ω)3
|ε̃p(ϑ)|2
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S[!(x), eaµ(x)] =

∫
d4x e

[
i
4 !̄ωµ→µ!↑ i

4 !̄
↓↑→µω

µ!↑ 1
2MN !̄!

]
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Boltzmann equations

<latexit sha1_base64="fI40pezNVUZjkzm88JDyQn+JgZk="></latexit>

d
dtnN + 3HnN = →(nN → n

eq
N )

[
!+ 2neq

ω ↑ωv↓1
]

d
dtnL + 3HnL = ε!

(
nN → n

eq
N

)
→ nL

n
eq
L

nε
!

→ 2nLnN ↑ωv↓1 → 4nLn
eq
! ↑ωv↓2

Boltzmann equations

reactions involving N1 and leptons
<latexit sha1_base64="IBup2NfeizGkIngSMjX7CR4Jm5M="></latexit>

decay:
{
N1 → La,i + !b

N1 → L̄a,i + !̄b

inverse decay:
{
La,i + !b → N1

L̄a,i + !̄b → N1

”L = ±2 scattering:






La,i + !b ↑ L̄c,j + !̄d

La,i + Lb,j ↑ !̄c + !̄d

L̄a,i + L̄b,j ↑ !c + !d

”L = ±1 scattering:
{
N1 + La,i → !̄→

b → SM+ SM
N1 + L̄a,i → !→

b → SM+ SM

number density of lepton number
<latexit sha1_base64="TFkjFqaD552ch4PLkaGEvh9KToI="></latexit>

nL → !a,i

(
nLa,i ↑ nL̄a,i

)

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

<latexit sha1_base64="Nxxp1vd6LULoIHUGJbh1SxjtYn8="></latexit>

Te → He/2ωg
1/4
→

take away

scattering & inverse decay 
are negligible across the 
viable parameter space
(i.e., the white triangle)
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Why is the stiff phase needed?

<latexit sha1_base64="bAzRcVfu77QUgrsnzv7cSXILnPY="></latexit>

YB = →28

79
ω
TRHHe

4M2

Pl

e3wNRH

(
[a3nN ]init
a3eH

3
e

)
Varying the equation of state between inflation & reheating
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




(
1.5↑ 10→23

)( →ω
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)(
MN
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)(
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)(
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3
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3

e
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)
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(
3.9↑ 10→17
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eH
3

e
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)
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)( →ω
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)(
He
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)9/5( TRH

109 GeV

)→3/5( [a3
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3

eH
3

e
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)
, w = 2/3

(
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)( →ω

10→1ωDI

)(
MN

1013 GeV

)(
He

1013 GeV

)2( TRH

109 GeV

)→1( [a3
nN ]init/a

3

eH
3

e
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)
, w = 1
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time t

<latexit sha1_base64="K85vTbJ7B9nBsWcm2w7wJcV+Yn8="></latexit>

→ a→6
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→ a→4

<latexit sha1_base64="SOv5Ge3uVtGoEI3VS1mTG+IuoZY="></latexit>

→ a0
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T 4

RH
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M
2
PlH

2
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→ a→3
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T 4

RH
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if w = 0

<latexit sha1_base64="cTdJXXvNqnzcEV4weRT+UNYGT4o="></latexit>

if w = 1
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The essential idea:  
<latexit sha1_base64="j2XlfPHbZZ1EoSHCHC/toQDw5bA="></latexit>

YB → nN

s
→ [a3nN ]init

a3
RH

T 3

RH

↑ larger w implies
{

smaller TRH for the same aRH

smaller aRH for the same TRH smaller TRH 
for same aRH


