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What’s the matter with matter?



What’s the matter with matter?

Although, we've measured the amount
of ordinary (baryonic) matter ...

4 N O )
CMB anisotropies tells us for baryogenesis studies,
the cosmological energy we conventionally use the
fraction in baryons baryon-to-entropy ratio
Qh* = 0.0224 % 0.0001 Y2bs = (0.879 + 0.004) x 1010
K [Planck (2018)] J K J

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

baryogenesis = an event that we think occurred
in the early universe and gave rise
to the excess of matter over antimatter
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simple & testable
baryogenesis scenario

gravity creates

a nonthermal population
of heavy Majorana neutrinos

their out-of-equilibrium
decays create the BAU

gravity creates
primordial grav. waves

their imprint on CMB

polarization should be
detected with next-

generation telescopes



Nonthermal leptogenesis with Type-I seesaw

The model = Type-I seesaw

= [SM] + 3 heavy Majorana neutrinos V;

Ml ~ 1013 GeV < ]\4'2 < M3 (hierarchical

spectrum)

Yukawa interaction
Lint = _yz'jeabLa,i]\/vj(I)?)< + h.c.
Decay channels

Ny Lai® = AlL=+1
! Lo:® = AL=-1

Total decay rate

I'= (yy')11 My /87
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leptogenesis: Fukugita & Yanagida (1986)
nonthermal LG: Lazarides & Shafi (1991) + tons

CP-violation favors decays into leptons

®(p—q) & ®*(p—q)

e = abE [BI‘(Nl — La,iq)b) — BI‘(Nl — I_/a,i&)b)]
o Yab2i [BI‘(Nl — La,i(I)b) -+ BI’(Nl — I_Ja,i(i)b)]

1

€= Im|( . _ _
167T (yy ;3 yy 11] M. (if masses are hierarchical)

[f decays occur in R-dom @ temp T

3 _ 28 3 (assumes: inv. decays &
[CL nB]ﬁnaI — —7g9 € [a, nN]init

scattering are out of equilib)

Where does the initial
population of N’s come from?
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cosmological gravitational
particle production (CGPP)

a(t) = H(t) = <N,;*>

cosmological time-dependent particles
expansion Hamiltonian produced



CGPP for Majorana fermions

a homogeneous & isotropic spacetime

(ds)* = (dt)* — a(t)*|dz|*

expansion is driven by inflaton field

i \/;¢2+V(¢)

QFT of Majorana spinor in curved spacetime

S[¥(z), e, (z)] = /d4xe [i\iﬁy“vu\ll — i\fl%p/y“\ll — %MN\TI\I/]

Dirac equation on FRW background

ii UA,k L aMN k uA,k
dn \usx/ k —aMpy | \uB.k

2
a 3Mg, After a change of variables
d+3Hd+V'(¢) =0 . d
S 2.5 d
inflaton rolls down a potential 22.0_ ;
E 1.5 / 2 / 2M2
V(g) = ymig? forg>0 O b i \JK2 + a(of )2
— f £
0 or¢ <0 £ o5 number
¢i = 10MP1 0.0 d3p -
2
my ~ 2 x 10'2 GeV 21 0 1 2 (2 3 |/Bp (n)l original work: Parker (1969, 70)
He ~1x 1013 GeV inflaton field: ¢ 7T)

Gravity'’s Gift

fermions: Chung et. al. (2011)
review: Kolb & AL (2023)
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An analogy with 1D quantum mechanics

spring constant

MYVYYYYT

a field is
an oscillator

<>

Gravity'’s Gift

ih2y(z,t) = — & Z(x,t) + Ula, t) (=, t)

1+ tanh(t/T)]
2

)
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An analogy with 1D quantum mechanics

a field is 4 .
an oscillator ih%zb(:c,t) = —S—m%@b(w,t) + U(z,t) Y(z,1)
| <>
spring constant U(z,t) = Lk(t)z?
RMYYYYYYTO b(8) = b+ (b — ) | 5T
- J

Spring constant is varied slowly (adiabatically)

t=—10.007 k(t)=5.00k.
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An analogy with 1D quantum mechanics

a field is e ) .
an oscillator ih2y(z,t) = —2& L oh(z,t) + U(z,t) P (z,t)
spring constant U(z,t) = Lk(t)z?
1+ tanh(t/7
AMVVYYYYYE 0= o[
- J
Spring constant is varied slowly (adiabatically) Spring constant is varied quickly (non-adiabatically)

t=—10.007 k(t)=5.00k.
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Prediction for initial N abundance

Kination GPP : Majorana Fermion

II I I IIIIIII ! I IIIIIII ! /
*

........ 0-01(MN/H3)3/2

1072 a’ny ~107° o’ H?

about one N, particle
for every 1000

22104 _ Hubble volumes at
ooé» - the end of inflation
< i \_
Z .
00: ]
-
107°

ITIS A\ GIET

'

<
@
Ll

gravity gives us a

population of heavy %
1076 ™ £,

=l T , o . Majorana neutrinos
102 10~1 100 “for free”

My/H,
\ [ superheavy! J
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Putting the pieces
together



Baryogenesis scenario: LG from CGPP

(1) Type-I seesaw
heavy Majorana neutrinos: Nj, Ny, Ns
interaction with SM: Ly = —¥ij€apLa:N;P; + h.c.
appealing features: light vmasses, GUT embedding
possible generalizations: Type-II or Type-III seesaw

(4) Stiff phase

inflation is followed by a
phase with w ~ 1

e.g., SUSY flat direction

(2) Cosmological gravitational particle production

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

preferred parameters: M; ~ H, < Hiny < My < M3
typically: 103 particles per Hubble volume

(5) Reheating

inflaton’s energy is
converted into radiation

e.g., irruption

(3) Nonthermal leptogenesis

LG = CP-violating decays of out-of-equilibrium Ny’s
create a lepton asymmetry & sphalerons convert to B

Kobayashi, Yamaguchi, & Yokoyama
Hashiba & Yokoyama

Bernal & Fong (

Co, Mambrini, & Olive

Fujikara, Hashiba, & Yokoyama
Barman, Clery, Co, Mambrini, & Olive
Flores & Perez-Gonzalez

different implementations
of LG from CGPP

o e

2010)
2019)
2021)
2022)
2022)
2022)
2024)
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What do we predict for the BAU?

initial N; abundance [(comes from cGpp) upper bound ierarchical spectrum)
3 3 MN’I’I’LV 4 MN
a’ny|. . = ~ 9.86 x 10
[ N] init |8| < €D 8T V2 % 1013 GeV
CP-violating decays to leptons stiff phase after inflation
L 172
. P,) — . = -V .
e = Zabzl[Br(Nl — La,zq)b) BI‘(Nl — lja,z?b)] W = 2¢6 (¢) ~ 1 — ¢2 > V(¢)
EabEi[Br(Nl — La,iq)b) + BI‘(Nl — La,iq)b)] %¢2 + V(¢)
predicted B-number
BAU prediction
a®(t)ng(t) = _2 e [a®nn]. . —c M
79 init Yg ~ (1 x 10719) A
10_18[)1 1013 GeV
predicted B-to-entropy ’ H. 2/ Ty 71 (@i /a® H
vy = 28 TeaHe gy (0708 i 1013 GeV ) \ 109 GeV 10-3
T 797 AME a3 H3
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How does the stiff phase help?

Q A X a MngZ
The essential idea: 2
s
3 . . ifw=20
Yo o ny [a3n N];u‘G . Jarger w implies { smaller Ty for the same ary o) if w
S aduTdy smaller ary for the same Try b>5 e T
= for same (?;1:{
g Ty
O
- ifw=1
. . . . . ] ] > 11
Varying the equation of state between inflation & reheatin ! | time ¢
Yy a
e aRH
3
YB . _28 c TRHHe e3wNRH ([CL nN]init)
= 2 3773
79 © AMZ, a3 H:
( —23 —e My H, TRu [a®nninis /al HY _
(1 5 x 10 )(10—15131) (1013 GeV) (1013 eV)3(/%09 GéeV) ( _ 10-3 ) , W=
17 _ M H, [a®nN]init/ag H, —
Yi ~ (39X1O )(10—165 1)(1013(]\£eV)(1013 eV)/ ( 03 / )3 N w=1/3
—13 —€ My H, 95 Tpuy \73/9([a’nn]init/aHL _
(1.8 % 10719) () (o) () (rbth) /2 (0 S0y oy =3
~10 —e My H, Tru L (la’nnlinit/acHe _
\ (1 0 x 10 )(10—15131)(1013 GeV) (1013 eV) (109 GeV) ( 10-3 ) , w=1

Gravity'’s Gift Andrew Long (Rice University)



How long can the stiff phase last?

Total energy density

Eroncel, Gouttenoire, Sato, Servant, & Simakachorn (2501.17226)

t Inflation _

homogeneous inflaton ~ a©
inflaton fluctuations ~ a*
Fluctuations dominate
k= o W1th1n ~10 e—fqldmgs,
= w o KD and kination gives way
L] . . . .
e, to radiation domination.
| osom
Lito«; g xa o
- : 2.099 x 10~
= NKD§9.9+0.51n( - >(<k) )
Super-horizon R
fluctuations +0.5Inny(kkp)

+0.5(1 — ny(kkp)) 1“(]62?)
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Viable parameters
& predictions



Yg =

1013

1012

E
- 1010
10°

108

MN (GGV) with He = MN

’ (00 linis /a2 HE
109 GeV 103

Plasma too hot at reheating.
Inverse decay creates N;'s.
Nonthermal LG not viable.

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!

28 . TruHe. 3w NR [a®n N init ~ (1 x 10-19) —£ My H, TrH
79 4AMZ, alH? |~ 10~ tepr / \ 1013 GeV / \ 1013 GeV
E ¢ T | L i
i '()\O“ /”‘
— - Yoduc . /” —
E perm@ P jetion )
S £r0 pOPH rd < g
3 Ys < S5 - N 4
E | [ A L~ 3
- e i 7 P =
R = o s, =L 7
E \Q z”’ \ ’,” P ,V E
— : AL e : 7”7 9
= *\Q ,,’: //\« 60 ,,,/ _|
B é %% L/,’, é \;Q é /,, ]
. o w0 s ;
ommn! 7~ > € i » ]
— /’,’a'RH/ale /” \Q/‘L 69 a
L”,| | . A & | : | | |

3 x 1012 10% 3 x 1013



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

- Ifinflation 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 103, it would severely
constrain our scenario
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CMB birefringence from axion strings

axion-induced birefringence:
an electromagnetic wave . .
traveling through a varying axion field assume interaction

has its plane of polarization rotated with electromagnetism:
standard Chern-Simons coupling

1 ~
o%nt — _Zgaq/q/afFF
aem

7fa
A= Qe Q% ~ #/9

P .

& = ga’m/ﬂ-fa
_Aaem

9 —0.42 A/

rotation angle

&= 2Garyy /CdX“ opa(X)

Jayy = —A

rotated
CMB y

axion string loop
Aa =27 f,

Q

CMB birefringence from axion strings Andrew Long (Rice University)



CMB birefringence from axion strings

00+ 10 /(27) [deg?]

107"

see talk by Moira Venegas
(Wednesday, P6 CMB)

Gravity'’s Gift

”101 .I I””1IOQ

multipole /¢

these measurements
place powerful
constraints
on axion strings
in the Universe today
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Davidson-Ibarra bound

Yukawa interaction

Lint = _yijea,bl_-/a,i]\/vj(I)?)< + h.c.

Decay channels

Ny — {l_-’a”i(?b = Al =+1

La,iq)b = AlL=-1

Total decay rate

I'= (yy')11 My /87

CP-violation parameter

ZabZi[Br(Nl — La,i(I)b) — BI‘(Nl — La z(I)b)]

g

ZabEi[Br(Nl — La,iq)b) + BI‘(Nl — La zq)b)]

)

Gravity'’s Gift

If the spectrum is hierarchical

M1
= E Im
¢ 167r ny byt yy 17’ M

Meanwhile, seesaw mass relation
m, ~ y*v? /My

In combination:

le| < ep1 =

~ 9.86 x 10
81 02 8 (1013 GeV)

may be interesting to
explore nonhierarchical N’s
- resonant enhancement?

2002

Hamaguchi, Murayama, & Yanagida )
2002)
)
)

Davidson & Ibarra
Buchmuller, Di Bari, & Plumacher
Hambye, Lin, Notari, Papacci, & Strumia

2003
2003

e —
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Boltzmann equations

reactions involving N, and leptons

decay: N1 = Lg i+ Pp

Y UNy = Lai+ 9,

Z_;a,i + ({)b — Nl

La,i -+ (I)b — N1
La,i + (I)b <~ Eg,j + (i)d
AL = +2 scattering: Loi+ Lyj ¢ @+ Py
La,z’ + Lb,j <~ (I)c + (I)d

N1+ Lg; = ®; = SM + SM
Ni+L,; = P; — SM+ SM

inverse decay: {

AL = =1 scattering:

transport coefficients thermal environment
we adopted the rates & cross sections we suppose that CGPP creates a
from Buchmuller, Di Bari, & plasma of SM particles with
Plumacher’s Leptogenesis for 1/4
Pedestrians (hep-ph/0401240) Te =~ He/zﬂ-g*

at the end of inflation

number density of lepton number

nL D Ea,i (In’La,i T ’n’I_/a,z')

Boltzmann equations

dny +3Hny = —(ny —n3) [T+ 2nd (ov)1]
eq

Sng +3Hn, =el(ny — nfy}) — NL%F

—2n nn(ov)1 — dning (ov)g

take away

scattering & inverse decay
are negligible across the
viable parameter space
(i.e., the white triangle)

Gravity'’s Gift
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Evolution of densities via Boltzmann eqns

M =1x108GeV, Tau = 6.4 x 10°GeV, &= —ep;, Yl =101

L e e N A
100 | E ! |
Boltzmann equations 1071~ | -
10-2 inflation | kination radiation |
%nN+3HnN = —(ny —ny) [I‘—|—2nfyq (av)l] 103 ﬂ«
eq B ! N
%m_ + 3Hn = sI‘(nN — nj’\f}) —nL Z—LI‘ 10—4 N . _
I4 I 1
— 2nny(ov)1 — dnng (ov)s 107°1 | | B
1075} i | _
1077 | —— a’s./a’s —
| 10-8k i —— ygGPP _
across the viable parameter space: ;o[ i — yBoltzmann _
. c ! N
inv. decays & washout = negligible | 1 T yBQ — ygbs
1 N 1
10_11 — : —_— YB : —
10-12 | 1 L | | | | | | | i |
102107% 10° 10! 10* 10® 10* 10° 10°® 10" 108 10° 10% 101T1 1012 103 10
t/te tRH/te
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