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Outline

e Introduction and Motivation.

e Rotation through symmetry non-restoration.

* Rotation through non-minimal coupling.

e Summary.
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1) Baryon Asymmetry (from BBN and CMB):

f dark r.n'atter'
L0 26% ¢

2) Dark Matter abundance(from CMB):

dark energy
69%

ESA

Requires BSM physics

1) Leptogenesis, EW baryogenesis, 2) Freeze-out, freeze-in, PBH,
Spontaneous Baryogenesis .... Misalignment mechanism ....

Can a single field account for both?
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Axion-like particles:

® Pseudo-Nambu Goldstone boson of approximate global symmetry.

-+ . .
CI)=fane’“/fa Ul): D - e""® = a—a+ af,
2

Examples: QCD axion, Majoron, Familon.....

® Small explicit symmetry breaking. V(0) = m>f> (1 —cos@) = hid

Ja

LORANRANDNRANRANNNAN]

# Coherent oscillation:
Dark Matter

V(6)
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Sakharov '67

« B/ L violation.
« C and CP violation.
» Departure from equilibrium.
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Sakharov '67

. o CPT

B/L V|olat|pn. | is (Same energy levels for
 C and CP violation. particles/anti-particles)
 Departure from equilibrium. conserved
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Sakharov '67
- B /L violation. }_CPT

(Same energy levels for

 C and CP violation. IS particles/anti-particles)

» Departure from equilibrium. conserved

oJo[CAEEIE  Kohen, Kaplan '87

« Background dynamics of scalar field (pNGB): spontaneously breaks CPT.

C
]7(%60 Je x=BL.. wryty
a
(natural in ALPs with shift symmetry)

- Effective chemical potential: ,ug,ff ~ ¢l

« B/L violation in equilibrium — 7l ~ //tgfsz

Baryogenesis & Dark Matter from Rotating Axions

Suruj Jyoti Das




Asymmetry redistributed Interactions
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§ : <—I Weinberg op.
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Asymmetry redistributed Interactions
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cr: Langton green : : . .

1017 10 1083 10 10° 10° 10° 108
T [GeV]

— Creation terms - Annihilation terms + bias terms\

dr

proportional to

0

: T2 . . .
Final Asymmetry: [k ~ R atdB"- "'°:_at'°“
g P . T, , decoupling

Baryogenesis & Dark Matter from Rotating Axions

Suruj Jyoti Das




Dynamics of & (Misalignment Mechanism)

0+ 3HO+m?0 =0 IERS el 9#0 6=0

Conventional misalignment

\/(e)l

"“’a..(’3H
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Dynamics of & (Misalignment Mechanism)

0+ 3HO+m?0 =0 IERS el 9#0 6=0
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Dynamics of & (Misalignment Mechanism)

0+ 3HO+m?0 =0 IERS el 9#0 6=0

Conventional misalignment 6 = from 0 to m,
V(©)
- o Tt ©
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Dynamics of & (Misalignment Mechanism)

0+ 3HO+m?0 =0 IERS el 9#0 6=0

Conventional misalignment 6 = from 0 to m,

V(©)

m (T,

OSC

) = H(T )

Baryon Asymmetry:

TB—L = Tosc — maMP

0
For ygeserved ~ — ~ 10710 (observed)

8 Tosc

m, ~ 0(10%) GeV

Suruj Jyoti Das
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Dynamics of & (Misalignment Mechanism)

0+ 3HO+m?0 =0 IERS el 9#0 6=0

Conventional misalignment 6 = from 0 to m,

V(©)

m (T,

OSC

) = H(T )

Baryon Asymmetry:

Dark Matter:

TB—L = Tosc — maMP

PoM ~ m, X 07m,f2 (Vass X No. density)

0
For ygeserved ~ — ~ 10710 (observed)

2 12 272

m m2T g*Tosc

Pom | Mala T 0MeV 007 Gev
s § 5xfose (observed) ’
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V(6)

1) Delays oscillation, more parameter space for axion experiments.

Rotating/Sliding ?

| |

H

N

ﬂ

ﬂ

ff

ﬂ

ﬁ

N

ﬂ

ﬂ

ﬁ

2) Can source particle/anti-particle asymmetry via Spontaneous Baryogenesis.
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How to generate rotation ?

. Kinetic Misalignment, radial field away from minimum — 6, # 0.

Inikial condition Affleck, Dine 1985
’ R.T. Co, L.J. Hall, K. Harigaya 2019

Credits: Raymond

. With radial mode staying at minimum — 6, # 0?

+ cogenesis of
baryon and dark matter .
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Early dynamics with m(T) > m"
Separate out 1p_1 > 1

* Time-dependent ma.

. large enough before Tosc.

* Baryogenesis at Tg.L > Tosc.
 Oscillation at low temperature: DM.
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Rotation via symmetry
non-restoration

Baryogenesis & Dark Matter from Rotating Axions

Suruj Jyoti Das




S LA A B CRI (o =1 1] o I (S- VWeinberg 1974)

Thermal corrections with contribution:

AV==2}, H|®> or AV=—7,|®|*s]
SM Higgs

%

4

1
Temp. Dependent \/: [ /AE) Wi E(mg + cTHp?

2.x10718;

0|

4

S —2.x10718}

Vit

—4.x 10718}

Q= /Imix//lqﬁ ~-6.x10718 '
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Connection of axion mass with this vev f, ?

Explicit breaking of U(1): ol =V (a) ~ Ja (1 _ cos<ﬂ>>

An—4 An—4

a

(¢ >T = 1.(T)

n—4
Mass of pPNGB : IRVEESES <f"(T)> £.(T)*.

A

f(TY«xT my(T) o T2
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Connection of axion mass with this vev f, ?

Explicit breaking of U(1): ol =V (a) ~ Ja (1 _ cos<ﬂ>>

An—4 An—4

a

(¢ >T = 1.(T)

n—4
Mass of pPNGB : IRVEESES <f"(T)> £.(T)*.

A

f(TY«xT my(T) o T2

2

T
Thermal production? ¢¢ < aa « f_4 -

- X
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pPNGB Dynamics (n=5)

n

) N
Modified E.O.M. : b+ <3H+ ) 0 = — —m2(T)sin(nd)
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pPNGB Dynamics (n=5)

n

) N
Modified E.O.M. : b+ <3H+ ) 0 = — —m2(T)sin(nd)

—H

m H(T) > m(T)
0+ HO = — —mZ(T)sm(ne)

n
~ constant

PNGB is frozen

until

H(T)=m(T) — TO
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pNGB Dynamics (n=5)

n

) N
Modified E.O.M. : b+ <3H+ ) 0 = — —m2(T)sin(nd)

—H

m H(T) > m(T)
0+ HO = — —m2(T)sm(n9)

n
~ constant

PNGB is frozen

until

H(T)=m(T) — TO

YAl l:-TeleleyH T < To Oscillation?
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0=a/f,

K.E. = Barrier —p Q(Tslide) = %ma(Tslide)

Tyige ~ To(1 — cos(56)))°

S

30F
201

10}

O: : Re[®] | Re[®D]
-10f

-20 }

-30L[
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T From
0 + HO = — —m*(T)5in(nd) Gives asymmetry Spontaneous
n ) Baryo.
= = constant

Baryogenesis & Dark Matter from Rotating Axions

Suruj Jyoti Das




Suruj Jyoti Das

T From
0 + HO = — —m*(T)5in(nd) Gives asymmetry Spontaneous
n ) Baryo.
= = constant

3rd epoch:RIEAE

. 1
0 = — ;mg(T n(nd) [ (1) saturates

é+<3H+2

0 T3
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T From
0 + HO = — —m*(T)5in(nd) Gives asymmetry Spontaneous
n ) Baryo.
= = constant

3rd epoch:RIEAE

) - X . 1
0 + <3H +22 |0 = ——m (T)Yin(nd) | (1) saturates
n
0T
FifgWeYololelg W T < Tosc
. : 1
0 + 3HO = — —m"?sin(n0)
n
Final oscillation: =—> &(T,,.) = %mc(lo)
O f0)?
Posc ( ) PNGB oscillates, gives DM

) S(Ty.)

Suruj Jyoti Das
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Fluctuations of @ ?

O, X) = 0(H)+00(t, X)
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. N\ k2 ]
50, + <3H+ 2&) 50, + ﬁ+m§(T)cos 10| 80, = 0

a

periodic modulation

——JMParametric Resonance if B3 d by
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a

) ANy
50, + <3H+ 21];) 50, + ﬁ+m§(T)cos (n0)

—32Parametric Resonance if: RIS abY

a <s B n<9'2>1/2 s m,
‘ K — K¢r Ker » Kor = > OK¢p n < 92>1 ”
a

a4

2m

7172
Modes grow as: exp(if) & [5’<c2r — (K — Kcr) ]

Suruj Jyoti Das
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periodic modulation
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. N\ k2 ]
50, + <3H+ 2&) 50, + ﬁ+m§(T)cos 10| 80, = 0

a

periodic modulation

——JMParametric Resonance if B3 d by

k
K =
maR n<9'2>1/2 m,
‘K — K| S 5Kcr > Ker = ’ 5Kcr = -
2m, 2n{62)12

1/2 _ 2

2 K=k, M
Modes grow as: exp(it) = [5’<c2r — (K — Kcr) ] m, = 5 6:9

n

Hubble rate 94

PNGB Fragmentation

. Growth rate  m?
If ~—>1
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. N\ k2 ]
50, + <3H+ 25) 50, + ﬁ+m§(T)cos 10| 80, = 0

a

periodic modulation

(kIR — %] < m?

= JParametric Resonance Iif:

I Case I: Initial sliding 0T
K = Case Il: Constant mass § « 77
m,R (6212 m,
‘ K= K| S 5Kcr > Ker = ’ 5Kcr = -
2m, 2n({62)1/2
172 _ 2
2 K=Ky m
Modes grow as: exp(it) = [5’<c2r — (K — Kcr) ] m, = 5 6:9
n

Hubble rate gg

PNGB Fragmentation

. Growth rate  m?
If ~—>1
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During Initial Sliding, T >Tc

1.10
1.08| 0.01¢

' 4
1.06¢ 10

’ -6
1.04} 10

| | — k. =45.15

T _1 T
nr T Q Tslide ’ (Q ) Tslide 1 10_8_ — Ky = 45'5

1.02¢ Total pNGB energy 1 k=447

- u Q= ; ; - * )

&l Barierheight & e T S W Y VTV R X (7 V|
10° 104 0001 0.010 0.100 | 10 10 ' ' :
T/ Tglide T [Ts1ige
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During Initial Sliding, T >Tc

1.10
1.08| 0.01¢

' 4
1.06¢ 10

’ 6
1.04/ 10

* __ k, =45.15

T _1 T
nr T Q Tslide ’ (Q ) Tslide 10_8_ — Ky = 45'5

1.02¢ Total pNGB energy 1 k=447

- u Q= ; ; - * )

&l Barierheight & G0 obi0 oo 1
10° 104 0001 0.010 0.100 | 10 10 ' ' :

T/Tglide T [Tside

Growth not so large 5 < py
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During Sliding, T < Tc

[similar to Kinetic Misalignment] C. Eroncel et al. JCAP 2022

50

K 166,

10 15 20 25 30 L B I
T/T,.. 12 15 18 20 22 25
T [Tosc
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Relic density?
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Relic density?

T \* [ T5\’
~ pa(Tgew) | 7 | [ 25
pﬂ( ° )(Tgrw> (an)
Tng 6 an ’ Tf ’
=~ posc(Tosc> m m
Tosc Tgrw an
T 3
= Posc an ==
Posc )<an>

= Posc (Tf ) 7
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Relic density?

T \° / T\
= Posc Tosc =7 =
P ( ) (TOSC> (TgI‘W> (
= posc (an) <_

= Posc (Tf ) 9
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An explicit example: Majoron

Spontaneous breaking of U(1)5_;

~AZ = (yONNC + Yyl HNC + h.c.) + V(®)

right-handed neutrino Type | seesaw:
2.2
Ypv
my ~
MN
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An explicit example: Majoron

Spontaneous breaking of U(1)5_;

~AZ = (yONNC + Yyl HNC + h.c.) + V(®)

Type | seesaw:

2.2
Ypv

1 MN

* Lepton no. violating decays & inverse decays

asymmetry in equilibrium.

. Asymmetry effectively frozenat 1T = T5_; ~ ——
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Baryogenesis & Dark Matter from Rotating Axions

The Cogenesis Window

Lo SV (g*>j<108>5,9
a C1/9(59i)4/9 100 c,

FO = 3% 10°GeV C1/18(59)2/9( 100) 6( Ca )5/18

g 108




Rotation via non-minimal
coupling to gravity
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Periodic non-minimal coupling to gravity

7' R.. erreir, . Notri, G. Simeon, JCAP 2018
1 ) 1 2 4 1 2 [
¥ = —m}R — —(0¢)* — Z\f —EngR 1 - cos(qﬁ/f)]

mg%f2 R =3(1 —3w)H?
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Periodic non-minimal coupling to gravity

JL R. Z. Ferreira, A. Notari, G. Simeon, JCAP 2018

2 2 RS ACPR N
F = —m3R — —(0)* — Af —EmeR 1 — cos(¢/f)]
mg%f2 R =3(1 —3w)H?
Inflation followed by a Kination era?

Verr(@) = — 6EmpH>[1 — cos(@plf)] —— Vou() = 3EmpH?[1 — cos(¢/f)]

>
Re ©
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Periodic non-minimal coupling to gravity

JL R. Z. Ferreira, A. Notari, G. Simeon, JCAP 2018

L, 1 2 RS ACPR N

Z = —mpR = —(0¢)" = Af —EmpR ) [1 - cos(¢/f)|
mg%f2 R = 3(1 — 3w)H?

Inflation followed by a Kination era?

Verr(@) = — 6EmpH>[1 — cos(@plf)] —— Vou() = 3EmpH?[1 — cos(¢/f)]

A
Veff

0, after the flip? Sh = ——

™

Quantum kick given by tachyonic mass

G.Felder, L. Kofman, A. Linde, 2001

Suruj Jyoti Das
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Periodic non-minimal coupling to gravity
JL R. Z. Ferreira, A. Notari, G. Simeon, JCAP 2018

2 2 RS ACPR N
Z = —mpR — —(0¢)” — (Af —EmeR> 1 - cos(qﬁ/f)]
mg%f2 R =3(1 —3w)H?
Inflation followed by a Kination era?

Verr(@) = — 6EmpH>[1 — cos(@plf)] —— Vou() = 3EmpH?[1 — cos(¢/f)]

9;‘ after the flip? 7 5 = -

Quantum kick given by tachyonic mass

G.Felder, L. Kofman, A. Linde, 2001

H> —

Maximum Kinetic energy (for large &) =

|
> f20% ~ 6EmsH? Im @ At end of inflation

Suruj Jyoti Das
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After inflation

N

1
Barrier height: o H* "

in tandem with

1 |

Kinetic Energy: « 6> x — x —
a® 12

2/3(1+w))

la < t
Im &

Range of &:

2

1/ 3 1 . . .

|| Vel | > H— ( / > <éx 5 Axion remains sub-dominant
Mp
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Numerical solution

T.on =10° GeV, f = 10™° mp
50

AQF [ s
— &= (f/mp)’

— ¢ =100(f/mp)’
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GeV

Numerical solution

T.en =10% GeV, f = 10 mp

10"k, -
\ f = (f/mp)2 . 9 - ”\:eff”
£ = 10%(f/mp)°— 6 L2

f = 103(f/mp)2_ 9 Ve

1010_

10°]

10}
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ém < A >3 \/E T]%—L
g*sTB—L \/gf Treh

Spontaneous bar

ap_,
Redshift

In p
A .o
—— Radiation
—— Inflaton
—— Axion
Veff
6x 10 GeV'\"
X c
my =~ 1077 eV 7
Dark Matte
=
9
E : : ; S~
S :Kination ! Radiation . Matter pp~~_
In a
Suruj Jyoti Das Baryogenesis & Dark Matter from Rotating Axions




Primordial Gravitational waves from Inflation?

1072
1074
107
7]
10_8 Super PIXIE_ L -_-’-:'{
- VOYAGEEééso
10°10F & | e

10 yrs VOYAGERZOS%

Planck 2018 + BICEP 2/ Keck

$
~

10716
107 Radiation era
1072

-22 | 1 1 1 | 1 | |

10°18 10-16 10-14 10 12 10 10 108 10 10% 1072 10° 102 10* 10 10® 10'0

v/Hz
6 x 10° GeV
2 —6
Qpeakh 5 5 X 10 ANﬁ‘ : reh N AN3/4
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Predictions for Cogenesis :
f/GeV f/GeV

10-8 106 10~ 1072 1 10-8 10 107 1072 ]
my/eV mgy/eV
My =107 GeV My =5x10° GeV
: 12 2
19 v 10 10" GeV Y,
m, ~ Cp — ev.
246 GeV Zfo T 1, 6.3 x 102
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Effects of Axion Fragmentation?
Tren =10° GeV, ks =100, f = 10 mp Kibble Issue?

104_
Which §i§|e to roll?
&
100}
3 >
T
001}
Rotation clock or
—4
: anti-clock wise?
0
y)
t/te _ 3H4 H
e Slightly misaligned: (¢*) = — > <—>
f 2 87T ms 27
<103 [ =— R
-~ 10 <mP> < f >
En~ | =
Mp
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Key take aways...

6’l- = 0 with no radial dynamics can lead to rotation/sliding and baryon & DM

abundance.
* Baryon asymmetry at high temperatures during sliding, DM at low
temperatures during oscillation.
* Via (a) Symmetry non-restoration, (b) Non-minimal coupling to gravity.
* Can be realized for Majoron, testable at (a) kaon experiments, colliders (b) GW.
* Extension of other D-operators, other scenarios?
* Observational consequences of rotation: GW anisotropies, CMB Birefringence

and of fragmentation: Axion mini-clusters? GWs?

THANK YOU
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During Initial Sliding, T >Tc

o005 ———F—"7¢""""""""—7—F———————————

10—10_

> 10—15_ §

Ge
e
=h

1020} a4

a5 450 455

K 105 104 103 102 01 05
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Growth rat
OWNTA & (1 = cos(50)™h

Hubble rate
Energy evolution
1000, . . o
[ — 50;=2 | |
— 50;=1 | | _ B
I S
100 — 50;=0.7 ] 1077+ _ pa
- | 5 6; =0.6 | S
S 10} - % 10~}
N\G ; _ U |
S
NE—
0.1 ' ' S . e ——
1000 10 10 10 1000 104 105 106
T T
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Sourced by tensor perturbations

A

ds® = a(T) [—dT2 + (51;.7- + hij)da:":dxj)] Transfer function

T

k"7 1 [ k\°, .
Pr(k) =rAs(ky) (k_*) Qaw(k) = 122 (E) T7(70, k) Pr(k)

Constrained from CMB

For single-field slow roll inflation models: nt = -r/8

Qowh? ~ 10716

(too faint and scale-invariant...)

T3 (70, k) ?



