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Outline

¢ |ntroduction

e Baryosymmetric baryogenesis

* Toy model: quintessence — mediating field — SM
* Generation of lepton asymmetry

o Stability, Q-balls

* Conclusions

based on Bauer, Eisele, MG, PRD74:023509, 2006 (hep-ph/0510340)
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Introduction

e
* Both baryogenesis and cosmic acceleration can be
driven by scalar fields

e Quintessence: Universe filled with a scalar condensate

Wetterich Nucl.Phys.B302:668,1988; Peebles,Ratra PRD37:3406,1988

* Complex quintessence field can carry U(1) charge

Gu, Hwang PLB517:1,2001; Caldwell,Kamionkowski,Boyle PLB545:17,2002; Kasuya PLB515:121,2001

= possible connection to “Affleck-Dine”-like baryogenesis

Affleck,Dine Nucl.Phys.B249:361,1985

* |s it possible that baryogenesis and dark energy are
linked to the same complex field ¢?

e Baryogenesis without B—=7. below inflationary scale!
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Baryogenesis without B—=1

* |f B—L conserved (as observed in SM) =

(nB—1/5)total = (MB—L/5)initial (= 0)

e B—L—asymmetry of the baryons (and leptons) is
compensated by an asymmetry of opposite sign stored
In an “invisible sector”

(nB—L/S)SM particles — _(nB—L/S)invisible

e nvisible sector = DM: Dodelson-Widrow,...

Dodelson,Widrow PRL.64:340,1990; Dolgov, Phys.Rept.222:309,1992

* invisible sector = v: Dirac-Leptogenesis

Dick,Lindner,Ratz,Wright PRL84:4039,2000

e here: Invisible sector = DE

Bauer,Eisele,MG PRD74:023509,2006
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Toy model

. mediating Standard Model
guintessence ¢ |— field with vz

Assumptions:
* |nteractions of quintessence and SM fermions are
mediated by a massive scalar y

o At late times y-interactions freeze out
=y hot visible today
= B—L—asymmetry of ¢ Is hidden
* U(1)p_r symmetry, ¢ and y carry lepton number —2
= B-L-density ng = —2|¢|%0, (With ¢ = |¢|e???)
Ny = _2’X’29>< (with x = |x|e?x)
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Toy Model Lagrangian

L = 5(0u0)°(0"0) — V(|o])
+ 2(0u0)"(0"x) — 312 x|7
— IM[OP N — a6y + he)
+ ESM(Xa)

* )\1 > A\ > 0 for stability reasons
* U(1) symmetry under common phase rotation of ¢, x
* today, typically |¢| 2 M,

= x decouples due to its mass m? ~ i + A|¢|?

* Quintessence: V(|¢|) = Vp (e—fl|¢|/Mp'+ke—52’¢‘/Mp')

[Ratra,Peebles,Wetterich,Hebecker,Barreiro,Copeland,Nunes,Ferreira,Joyce,Albrecht,Skordis,...]

* SM: e.g. Yukawa-type coupling Lsas > —gxv%vr + h.c.
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Cosmological evolution

H = H,,¢: Flat FLRW space-time at the end of inflation
(t =0,a = 1) and VEVs inside our Hubble patch:

6= o, X=xoe "

[Balaji,Biswas,Brandenberger,London, PRD72:056005,2005]
H < H,,: fields start “rotating” if sin(2«ag) # 0 (dynamical CP)
H S T'y_su: decay of x, freezing of the B—L—asymmetry

o
0

H < T',_gu: tiny angular velocity |04 = A /(2]6(t)|%a(t)?) < H

= standard tracking quintessence in exp. POot. [FereiraJoyce PRL79:4740,1997]
(early dark energy: const = Qy = ps/prot = 4(3)/&7 < 10%)
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Dynamics of ¢ and y

* Equations of motion

. . dV
¢p+3Hp = = — M [x[Po — A2y
d¢
) . . AW
Y+ 3Hy +3ly = —QW—MWX Ao X *

* Quintessence behaviour governed by V' and not by the
mixing terms if [V/(¢0)| > x2¢0, X5
* ¢ Increases while rolling down its potential V' (¢)
* x oscillates and decays once I'y _sm 2 H

e Additional damping factor ' =T', _sm = g*m,/(87) due
to decay into SM fermions [Linde,Kofman,Starobinski,..
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Quintessence field dynamics

103 ]

|1/ H¢

8, = arg(®)
o

0 0.2 0.4 0.6 0.8 1
t I_Ilnf

A =1,A=0.1,Vo/po =107°, x0 = Hipr = 10'°GeV, 0 = §,9 =1

* VEV increases but only small change of complex phase

o 165t — 00) — ,(t = 0)] < [ at ol < 1
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Mediating field dynamics

e Damped oscillations of || oo [\ ag=rra
1 (t 77 PR
~a(t)T3/2 ¢ 2 Jodt () oo
02 L |l UV

e Ry and 3y oscillate with 2 4V
frequencies wy 2(t) e

wip(t)? = (A £ X)) +py £ 0°
* \ rotates in complex plane % 0.4
with frequency w, /2 =0
Wi = w1 + wo o.; T
e Sense of rotation changes st
periodically with beat 0.2 |

frequency w_ /2 0 A L e
0 02040608 1 1.21.41.6
W_ = W1 — W9 EH)ns
A =1,22=0.1,Vy/po =107 °, ¢ /Hppf = 10,g = 1
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Evolution of the L-asymmetry

41010 F—
* WKB result for n, gt | O o]
ny (t)a® = 0 Ko —
L gin(2a0) 2 1 210w2(0) — LT T (D)
2 w1 (t)wa(t) ano b
t t -10 ¢ : ;
X (w_|_ sin (/ dt w_ (f)) —w_ sin (/ dt w (f))) B | 4=0.5
0 0 5_ 2100 ¢ .
* Major osc. with beat frequency > °~ AV AR S
< 10 S : n @°
)\2 S -2007 ¢ N n‘pﬁs 1
W_ ~ W ~ 24/ )\ ™ T "5 ke |
\/)\_1¢ <K + l¢ e (B WK |
] a0 3
* Frequency grows with ¢(t) ol OO
e Amplitude constantifI' oc ¢ = 0 0 K
e Decay of y into SM fermions 200 ¢
= TLXCLS — 0, TL¢CL3 — const A 0 02 04 06 08 1 12 14 16 18

tHInf

A1 =1,22 =0.1,Vy/pg = 107°,¢0/Hjpf = 10, 09 = /4
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Evolution of the L-asymmetry

41070 £
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— 2100}
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Evolution of the L-asymmetry
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Final Asymmetry A, — WKB

e Condition ¢/¢? < 1 for WKB satisifed from beginning if

b0 > X0, |V’ (%)

o /¢ < 1 satisifed for t > tpnateh = (4/|V'(¢0)]) /3 if
V' (60)| > 6. x5

P(t) = o — V§ t2 for ¢ < tmatch = Matching: ¢(tmatch) = 3/2|V/(¢o)| = /261 Vo /My,

WKB estimate for A, o ngm/s:

.

b0 It @5 > x§¢o, [V (¢0)]

M (2& ) 2
0) Xo - \ _
- | 3/2€1V0/Mp| it V' (¢0)] > ¢3, x3

Ao &

2 2
with A = N(A1, A2, g) = & ﬁ;ﬁ;u—wz/wi)w for £ ~32 <A~
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x| — WKB with matching

1.4 F

tmatch=(4/V (@)

1.2
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0.8

IX(O] /Hng
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A1 =1,X2=0.1,Vo/po = 1074, ¢o = x0 = Hins = 10'2GeV, 0 = Z,9 = 0.5
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Asymmetry — WKB with matching
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ano0 |
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n/s and asymmetry A,

* Relation between A,, and B—L-asymmetry ngm/s

3.2p, 0
N S -

=K

Il {

* Dynamics of ¢,x determine s oc A With pg = 3M3 Hyi ¢

* Dilution factor D determined by deviation of total EOS
w(t) = prot/ prot (INflaton,...) from 1/3 after inflation

e depends on inflationary model

e upper limit tp — “o0” leaves D invariant
= no explicit dependence on reheating temp. Ty

* Plausible Range 1 > D > 1079

[e.g. Podolski,Fleder,Kovman, Peloso PRD73:023501,2006]
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x and Quintessence parameters

* Right part:
05 > X590, [V (¢0)]

= n/s « k only
depends on ¢

contours of k = —Aoo/(3-203/4)

IIIII|T| T IIIIrlTl T IIIII|T|

i

e Upper left part:

digohod | V(@) > 66, x4

32 = n/s x k only
- MR [ EEETT | T 1| 1/3
1031021071 10° 10? 102 10® 10% 10° 10° depends on Vj
% / Hin e Lower left part:
WKB not applica-
Hyns = 1012GeV, x0 = Hinr, ble PP

A1 :1,>\2:O.1,&0:—%,g:1
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x and Quintessence parameters

contours of k = —Am/(3.2p8/4) e Right part:

I Y 2
101 . &t > x50, 1V (¢0)]
-2 .
103 3 = n/s « k only
10 3
e i ; depends on ¢
~ 10 10 3
= 105 i ® Upper left part:
: / 3 93
10 10 10°| V' (¢0)| > &5 X5
7 -] 1
10 ; E = n/s x k only
10-8 o D T de ends On V1/3
10° 102 107 10° 10 10 10° 10* 10° p 0
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A1 :1,>\2:O.1,&0:—%,g:1
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Stability analysis

e Stability analysis: inhomogeneities, Q-balls [Coleman, ..
* Linear perturbation analysis (mixing subdominant)

e Perturbation ~ exp(Q(t) + ikZ) of ¢ = e

[e.g. Kusenko,Shaposhnikov PLB418:46,2001;Kasuya PLB515:121,2001]

0 = (Q+Q2+3HQ+5—2—9'2+\/”(90)
+ X+ X 608204]) X (Q+§22
+ 3HQ+ B 4202 — 2]y cos 2a)
+ 40 (90 + dofx?sin2a) x (2 - 2)

e (t) > 0 over a time > H ! indicates instability
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Stability when y £ 0

Shortly after inflation: numerical solution for ©
e ) > (0is possible .

T
e maximal for 0.005 | — e |
small & 0.004 - el ]
. _0.0031- .
e ) < H and on|y %: 0002 -
for short period 5 ,4f ]
At < H -1 N .
e freezing for small oot
-0.002 -
k’SH 1 -0.003_3 I S B
10 10 10 10
— Linear approx. o

k=0,¢0 = xo = Hint = 10'2GeV, Vy/po =

gives no indication
1074, g=1,21 =1,2 =0.1

for instabllity
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Late-time Stability

 After y has decayed = y =0, |Q] < [Q?| [w= Q]
0 = (w2+3Hw+§—Z—92+V”(gp))
x (w4 B3Hw + b 4 2w8) 4+ 40f? (w - £)

e Stability: All 4 solutions for w = 2 have R(w) < 0 for all &

e |Late-time: tracking (V" ~ H?) and tiny angular velocity

Bl _ el gm0 o o-s (HMp)

= < < 1078
H ~ 2H|¢? 2H| |2 2H|¢|?
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Early Dark Energy

e potential V(|¢|) = Vq (€—£1|¢\/Mpl+k€—€2|¢\/Mpl)

* early dark energy: const = Qge early = [ift = %2) (< 10%)

* Ay = Ax(&1,...) = connection between Qge earry and =2

S o o1 ;  Problem: depends
de, early - / ] :
103 o p— on 1, and inflation-
° : ' - ay model
;o 10 ] 0.001 E
: 1 x0=Hixr =10"3GeV.

D = 102,
A =1, =0.1,

10" 10

10 10 10°
(pO / I_Ilnf
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Conclusions

e Baryogenesis and acceleration linked to same field ¢
e Quintessence carries lepton number [, = —2

* No need to introduce B—T—interactions (below H.)
e B—L—symmetric baryogenesis

(nB—L)SM particles = _(nB—L)quintessence

e n/s ~ 107! can be achieved for a huge parameter range

* possible connection between n/s and amount of early
dark energy (depending on inflationary model)

Ref.: Bauer, Eisele, MG, PRD74:023509, 2006 (hep-ph/0510340)
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Mediating field dynamics — WKB

* complex phase of ¢ ~ const (=0 w.l.0.g.) =

* v1 = Ry and yo = Sy oscillate with
frequencies  wia(t)? = (A1 £ Ao)op(t)? + 12
and damping term ~ =3H + I'(t)

X12 +7()X1,2 + wi2(t)*x1,2 =0

* Consider i, < \1¢ = WKB possible if ¢/¢? < 1

* If $/¢? < 1 fromt = 0 on (for large ¢} > [V/(¢o)])
= WKB result (with x? + ixJ = xge ')

xX1,2(t) _ \/wm(o) e_% gd£7(£) Ccos </Otd5w1,2(£)>

0
X1,2
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Range for dilution D

* |nflaton pot. o« /¢ and constant w

(-1 for ¢ <0
w~4 (a—2)/(a+2) for 0<t<tp
. 1/3 for t>1p

N
= D = (1.2 -107° 1og€ev (102&3\/) 2)

—~D=1fora=4and D ~ 10~

fora =2

e |nflaton pot. « I? and preheating

Podolski, Fleder, Kovman, Peloso PRD73:023501,2006

= D ~0.1...1073

* = Plausible Range 1 < D < 10~

6
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WKB result for

* Result using the WKB estimate for A.:

/ 1
_ ®0 < Hn¢ )2
3.6-10"19
1013GeV \ 1012GeV

N . xo \ if @8 > X80, V' (60)|
R = sin(2ay) © 4

1 7
1.7-1078 (éﬁ)?’ ( Hinf )6
' 7 po 1012GeV

\ It [V (o)l > 63, x5

with N = N (A1, X2, g) ~ 1for g2 /(8m) ~ Ao /A1 <K A1 ~ 1

* Dependence on quintessence parameters:
* either quintessence VEV ¢ after inflation for large ¢

* Or quintessence energy density V| after inflation for
small ¢
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Coupling to SM

* Yukawa-type coupling to right-handed neutrinos

Loy = —QX%VR + h.c.

e Left-right equilibration necessary
e Dirac-Neutrinos: tiny Higgs couplings
* LR-equilibration possible through coupling to copy S

of SM Higgs RS

e Quadratic potential for S with Hi,s > mg = TeV
= possible VEV of S frozen until H ~ mg, then
oscillates and vanishes

* Role of S could be played by Inflaton

* Yukawa-type coupling to left-nanded neutrinos not
excluded since m, ~ O(Mp) today
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Additional channels

o Effective equations of motion:
I'x-term from y — vvwithI'y_,,, = g—;mx

e Additional contributions:
* Decay 2y — 2¢: [ay—og ~ A o|x|?/(81my) < Ty
e Other decay channels (e.g. yHTAH): asymmetry

transfer to SM

* Induced ¢-SM interactions by y-exchange: m, o |¢|
very heavy, enters in denominator of reaction rates
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