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why axions?

For this talk, “axion” means the pseudo-Golstone boson (light
pseudoscalar) associated with an anomalous global symmetry.

From the phenomenological perspective we like axions because
... they can solve the strong CP problem

... they provide a dark matter candidate

... they provide an inflaton candidate

... they can generate the baryon asymmetry

... it slices. it dices.

From the theory perspective we like axions because
... they arise generically in string theory
... they arise generically in field theory



Baryogenesis from Axion Inflation
via Decaying Magnetic Helicity

... via Chiral Gravitational Waves

Cosmology of the Clockwork Axion
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The “Ordinary Matter” Problem

Cosmologists say that “We don’t understand 95% of the universe.”
But this is not true ... in fact, we don’t understand 100%!

The “ordinary matter” problem = why is there more matter than anti-
matter? = baryogenesis is the endeavor to solve this problem

WU 268% Matter / Antimatter Asymmetry
Oy ~5% = np/s~10"1

hiding in the “cracks” (error bars):

Primordial Magnetic Field

Dark Energy 68.3%



Executive Summary

In this section, I'm going to ...

... assume that a helical magnetic field was created in the early universe
pI’iOI’ to the EW epoch. (e.g., arises naturally in axion inflation)

... show that the decaying helicity of this field gives rise to a baryon

asymmetry through the Standard Model B+L anomaly (builds on earlier work
by Joyce, Shaposhnikov, Giovannini, Bamba, Geng, Ho, ...)

... calculate the evolution of the magnetic field and baryon asymmetry
from magnetogenesis until today, while paying particular attention to the
EW crossover (this is my work with Kohei Kamada; see also Fujita & Kamada, 2016)

... conclude that the predicted relic baryon asymmetry suffers from a
large theoretical uncertainty, because we don’t understand well how
magnetic fields behave at the EW crossover (even though this is just SM physics!)



Standard Model
anomalies &3

primordial magnetic
f¥ields



Standard Model B & | Violation

baryon & lepton number SU(2), gauge field U(1), gauge field
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‘'t Hooft (1976)

Thermal fluctuations of the weak isospin field (EW sphaleron),

provide SUppOrt for the SU(Z)L term. Kuzmin, Rubakov, Shaposhnikov (1985)
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B-Number from Magnetic Helicity

Joyce & Shaposhnikov (1997); Giovannini & Shaposhnikov (1997) see also Rubakov & Tavkhelidze (1985)

baryon & lepton number SU(2), gauge field U(1), gauge field
k i )
[ | ’gz _ | 1 g/2 _ !
aﬂjg‘ - aﬂjg = Ngen (WTI‘[WMVWMV] 921672 YMVY“V)

A hypermagnetic field provides support for the U(1), term.

<Ym/?"w> = —4Fy - By = 2{%(44 . B) + V. (¢B+E X A)]
To induce a change in B-number, the helicity must change
12
AQp = _Ngeng—A%Y where Hy = /dgac Ay - By
1672

In a plasma, the helicity decays because of ohmic losses

EY :jy/ay%VXBy/O'y [

~ Decaying hypermagnetic
<YMVYMV> = —4<By -V X By>/0y

helicity sources B-number!




E.g., field generation via axion inflation

For example, a helical magnetic field may
be generated during inflation from a

pseudo-scalar inflaton (or spectator field).

axion coupledto EM ...  rolling sources helicity opens tachyonic instability
dp/dt
Té \ dp/dt m 52 ’_2_‘ =
Lo = LR P = LA B ( IR )A k) =0
int — 4f 757 2f o2 . +(n, k)

Bioday ™~ 10~ 13 Gauss

Lattice simulation
of B-field growth
during preheating

| after axion inflation
Adshead, Giblin,
| Scully, Sfakianakis (2016)

Aphys (m~)
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How do we
formulate
the problem?




Background B-Field Evolution

Simplified model for the background B-field:

(TR (B-V x B) ~ £B,(1)/An(t)
By ()
(field
strength)
\ (coherence length) )\Bi(t) > k (wavenumber) /

MHD evolution of B-field leads to inverse cascade scaling behavior.

Bp (t) — (a/a0> —2 (T/Trec) —1/3 BO Frisch, Pouquet, Leorat, Mazure, 75,76

Banerjee & Jedamzik, 2004
Campenelli, 2007

)\B (t) = (a/ag) (T/Trec) 2/3)\0 Kahniashvilli et. al. 2013



Baryon Asymmetry Evolution

Roughly speaking, you integrate the anomaly equation to obtain the
kinetic equation for B-number:

g2 ] N 1 g2 -
Oulls = Neen (WTT Wi W] = 516 YWW)
N/
d v
— NBp = _Fsphaleron np + Shypermagnetic

dt

This glosses over Yukawa interactions which communicate B-number
violation between the left- and right-chiral fermions.



SM Boltzmann eqgns. w/ anomaly terms
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Numerical
Results




Evolution before EW crossover
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Evolution before EW crossover

Temperature: T (GeV) field strength &
1 08 1 07 1 06 1 05 1 04 1 03 1 02 coherence
. . < . . . . length today
B, =10"° G
10_8ﬁ Ao =102 pc
fhesee = fip = 1 source term balances

against washout by

/ sphaleron

—

o
L
o

B-asym: ng=ng/s
SI
)

/ ’ we’ll discuss evolution
through the EW
-14
turn on B-field at j)// ‘ ‘ ‘ ‘ ‘ L crossover next
different times 1010 1011 1012 1013 1014 1015 1016
X= Mo/T
equilibrium baryon source from decaying washout due to sphaleron + Yukawa
asymmetry: nB /s magnetic helicity interactions + chiral magnetic effect
4% (By -V x By)/o / B2 (T/T) "
(eq) sT \2Y Y)Y ~ (4 % 10—12) 14 w
B Y —

a2 v 2/3
#1ye|2m2(T)/T? + # | By /oy AL 0.08m2(T)/T? + B2, (T/T,)"

1

(Bis=Bo/(107*G), A\ =Xo/(1pc), Ty = 162GeV )

order 1 numbers
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Let’s play with the parameters until we get ), ~ 101° to match observed BAU

. : AO BO
... while keeping l_pc ~\ 10~ Qauss

Temperature: T (GeV)
108 10" 10® 10> 10* 10® 107

nB/s

B-asym: ng
2

By=5x10""" G .. A; =5x10" pc

100 10" 102 10° 10" 10' 1016\

X = Mo/T we’ll discuss EW
crossover next




Let’s play with the parameters until we get ), ~ 101° to match observed BAU

. H AO BO
... while keeping 1pc ~\ 10~ Qauss

Temperature: T (GeV) Coherence length, today: Ao (pc)
-3 -2 -1 2 3
108 107 10 105 10* 10 107 LA L L M N Lo
71 T T T T T T _ fresee = 0.1, fiip = 0.1
1077} ] » 1077 f,h,ﬁee=o.1,f:iz=1.o’
\ED fh(—)ee =1.0, fflip =0.1
) 10—8 | | ﬁ fhﬁee=1.0,fﬂip=1.0
o &
c -9 . < 10-12
I 10 §» 10
Q o]
<1071 =
£ ©
> 10—11 E -13
% = 1072}
| ©
m 10—12 §
107181 Bp=5x10""% G .. Ag=5x10" pc L @ ovEy N
! ! ! ! ! ! 10_14 I N = (11/37) Sem /( Yhoee + Vflip + Vem ) \
10" 10" 10 10™ 10" 10™ 10%° | 0T 10 197 10 10 Joo 1o
X = Mo/T we’ll discuss EW Field strength, today: B, ( Gauss)
crossover next
Qy . 2 ( )4/3
(eq) _ #ST (By V X By)/O’y N (4 « 10_12> Bl4 T/TW
B - -

o? 2/3
#lye[2m3 (1)/T + 4 75 |By oy A 0.08m3 (1)/T2 + B3, (T/T)”

: : A .
Washout induced by chiral magnetic effect ... prevents ng from reaching 107'° for large B,
This behavior was overlooked in some previous studies. The CME cannot be neglected!



What happens at
the EW

crossover?



Evolution through EW Crossover

d

EnB — _Fsphaleron np + Shypermagnetic
At this time...

... the source shuts off, because the U(1), field is converted
into a U(1),,, field, which does not source B-number.

0jg ~WW —YY + FF

... the washout shuts off, because the W-boson mass grows,
suppressing EW sphaleron transitions.

I'sph. X exp {—# My (T)/aw



Crossover Evolution Scenarios

washout processes come into equilibrium,
& suppress the baryon asymmetry

baryon
asymmetry

A

Source & washout shut
off simultaneously
(Fujita & Kamada, 2016)

increasing time,
decreasing temperature

turn on helical B-field at the EW crossover, both the source &
washout processes go out of equilibrium
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Crossover Evolution Scenarios

washout processes come into equilibrium,
& suppress the baryon asymmetry

baryon
asymmetry

A Source remains active

after washout shuts off
(Kamada & Long, 2016b)

Source & washout shut
off simultaneously
(Fujita & Kamada, 2016)

Washout remains active
after source has shut off
(Kamada & Long, 2016a)

>
increasing time,

decreasing temperature

turn on helical B-field at the EW crossover, both the source &

washout processes go out of equilibrium



Model the U(1), to U(1).,, conversion

Z-y mixing is proxy for By to B,

1.00 I-l r r r ] ] T T T T ]
2 : T :
o [ D: Tgtep = 155 GeV , AT = 10 GeV ]
g 095_0 Tstep =160 GeV , AT =10 GeV 1 1 |:>-
o [ B: Tgtep = 160 GeV , AT =5 GeV _ ]
S 0.90 A: Tetep = 162 GeV, AT =1 GeV entirely By :
< | ;
£ 0.85} .'
2 -
w 080 _— 1~ ~--- ]
= =
0.751 entirely B, ]
130 140 150 160 170 180

Temperature: T [ GeV |

dots & error bars = lattice simulation from D’Onofrio &
Rummukainen (2015).
B W3 black dashed = analytic approx. from Kajantie, Laine,
Rummukainen, & Shaposhnikov (1996)
colored curves = we use tanh functions to model the
crossover




BAU Evolution through EW Crossover

Baryon Asym.: ng=ng/s

1077}

—
o
&

1079}

Temperature: T (GeV)
300 260 220 180 160 140

realistic regime ... source active
after washout shuts off

S—

pessimistic regime ...

washout active after
source shuts off

Temporal Coordinate: 107"° My/T

eq 11 g’z(cos 6., Spag + 2

dl )<_A B

s 37 3 <7Ehe + fyz/he) + fy

B-VxB

+ g/4 COS4 0 ,YCME



Result: Predicted Baryon Asymmetry

The conversion of
U(1)y B-field into
U(1),,, B-field at the
EW crossover is not
well-understood.

However, the relic
baryon asymmetry
depends sensitively
on these details.

Consequently, the
predicted baryon

asymmetry is very
uncertain.

Need to understand
the crossover better!

Baryon Asym., today: ng=ng/s

-
o
A

-
o
&

1078}

Coherence length, today: Aq (pc)

10° 102 10" 1 10 102 10°
] ] | ] ] ]
C: Tstep = 160 GeV , AT = 10 GeV
B: Tstep = 160 GeV , AT = 5 GeV
A: Tstep = 162 GeV y AT = 1 GeV
-E observed BAU: g ~ 10-10
C
[ D
| B
< 7
-A \\ 7
10" 107 10" 10 10 10772 10 ™

Field strength, today: By ( Gauss)




Where to go from here?

Refinements:

Study conversion of magnetic fields at EW crossover
=» main message in this section

Calculate helicity decay directly with MHD simulations
= “not difficult” to implement

Implications & Applications:
Study baryogenesis from axion inflation (etc.) self-consistently
=>» Various studies: Anber & Sabancilar (2015); Cado & Sabancilar
(2016); Jimenez, Kamada, Schmitz, & Xu (2017)
Observation side — develop new probes of relic (helical) magnetic fields
=» E.g., using cascade halos around TeV blazars
Study “dark” magnetic field (hidden sector U1) and /or dark matter

production
= E.g., Cado & Sabancilar (2016)




Implications & Applications

—

axion inflation
magnetogenesis

Field Strength, today : By ( Gauss)
o

10°° 107* 102 1079 10% 10* 10° 108 1070
Coherence length, today : Ag (pc)

(Agure adapted from
Durrer & Neronov, 2013)

will be probed by

CMB measurements

(see John Kovac's talk)

will be probed
by blazar halo
measurements

Application:
--oscillation of photons into

keV axion dark matter
--see Kamada & Nakai (2017)



Magnetic Field Scaling Law

Comoving quantities: B(T) = a(t)QBp (t) 5\(7') = a(t)_l)\B (t)
Adiabatic evolution > L \ _
after recombination: Brec = bo Arec = Ag
5\(7') = Coa(T)T
Coh length ~
tchEgeendC;y (segagle: VA (T) — C/\/1 + (p T P)/(me) X B(T)
P (1) = B(1)?/2

Helicity is NS 2 . e
quasi-conserved: A )‘reCBrec H ~ A B2 for maximally helical field
—9 ~1/3
B, = ( /CLo) (T/Trec) By “inverse
Solution: cascade”

g = (a/a0) (/7)Ao



Baryogenesis without (B-L)?

Recall that (B-L) = 0 at all times! But, Kuzmin, Rubakov, & Shaposhnikov (‘85) taught
us that B 2> 0 and L = 0in equilibrium. How is washout avoided?

In the symmetric phase (T > 160 GeV), the EW sphaleron tries to drive (B+L) to zero,
but the U(1), field sources (B+L) and prevents B,L = 0.

djig ~WW —YY

In the broken phase (T < 160 GeV), the EW sphaleron remains in equilibrium until
T~140 GeV. Since the U(1),,, field doesn’t source B-number (because, vector-like
interactions), why doesn’t B-number washout? ... The U(1),,, field sources chiral
charge (like in QED) and prevents B-washout in the R-chiral fermions.

d
ﬂ = —7sphT]L + YMip (77R — 77L) - Sem NL,eq = 0
toy dx S,
model  dnp |:> Req = em
- = ~ip (MR = 7L) + Sem T e



Baryogenesis from Axion Inflation

via Decaying Magnetic Helicity

a

... via Chiral Gravitational Waves

\

N

work in progress with Peter Adshead & Evangelos Sfakianakis

)

Cosmology of the Clockwork Axion



Gravitational Anomaly

v

N | Y
. AVgen _
Oujr, = 24 16772 = j ..........

Delbourgo & Salam (1972); Equchi & Freund (1976); Alvarez-Gaume & Witten (1984)

Gravitational interactions are vector-like, but SM matter content
is chiral: SM includes L-handed v’'s but not R-handed v's.



What sources the anomaly?

The source term is

~ 1

RR = 560‘575}3

po
appoltys

In terms of linearized metric perturbations,

/d%RE: 10 2 /dgk (k36’ hi(r, k) hg(r, k) — kO2hg (1, k) Orhr(T k:)—(RHL))
a,(’r)4 Mgl (27_‘_)3 T R 9 R Y T R 9 T R Y

The source term arises in a background of polarized gravitational
waves with a changing chirality. (Recall that F.Fdual comes from

magnetic field with changing helicity.)

Source is absent in vacuum in GR.



Can we use the SM gravitational anomaly to do baryogenesis?

Ibanez & Quevedo (1992) —first to consider the question

Alexander, Peskin, & Sheikh-Jabbari (2006) —concrete implementation
Fischler & Paban (2007) —address UV sensitivity

Maleknejad & Sheikh-Jabbari (2011, 2013) — further refinements
Maleknejad (2016) — further refinements

Caldwell & Devulder (2017) — does work in chromo-natural inflation
Papageorgiou & Peloso (2017) — doesn’t work in natural inflation



Gravitational Leptogenesis

Alexander, Peskin, & Sheikh-Jabbari (2006)

(1) Let inflation be driven by a slowly-rolling axion.

(2) Introduce a non-minimal gravitational coupling for the axion.

1 ¢

Ling = ~RR
T 16n2 f
(3) Rolling axion leads to growth of chiral gravitational waves.
Ohy, = —2i00, /a . _8H 1 ¢
Ohp = +2iOh% /a } with 0= M2 1672 f

(4) Which sources lepton-number
H 1
vV~ (1 1 —10 e RH GW
L~ (1x 1077 (1013 GeV) (1015 Gev> A
MY = B [ Ak (A% - A}) — k(A% - A7)

~ (Apaw /HEMp) % (du/Aaw)




Gravitational Leptogenesis

Difficult!

Predictive!
Testable!
Signature = stochastic
gravitational wave
background is chiral

Reheat Temperature: Tgry

0.04

Tensor-to-Scalar Ratio: r
0.06 0.08 0.1

0.12 0.14 0.16

29F
2.7F
25

" assuming wgry =0 and H =1

:dWd Aq pepnioxd

I

Cs
09 ™, 1 1 1 '
0.5 0.6 0.7 0.8 0.9 1.
Hubble Scale (end of inflation): H, [ 10" GeV ]



Neutrino Masses

The Standard Model does not accommodate light v masses.

Solving the v mass problem kills gravitational leptogenesis.



Neutrino Masses -- Dirac

=> No gravitational anomaly = no source for lepton-number




Neutrino Masses -- Majorana

=> New heavy particles violate L-number & washout asymmetry.

E.g., for the type-| seesaw
L=ANLHN +myNN + h.c.
A3 02 Av )2 (10 GeV
my ~ 22 (0.1 eV) (_N) ( : )

my 1 my

If my ~ 10'* GeV and Try ~ 10" GeV, then heavy Majorana
neutrinos (N’s) are present in the plasma after reheating.

Their interactions violate L-number ===> L ‘\ /L
. £3
They will washout the lepton asymmetry! / N \
H H




Including washout

i assuming wgy =0, QFW = -1, and He = 10'3 GeV

2.5 o
i 0
Washout rate | My =mie x 10'¢ GeV 5
c'>_| 20l S.-
= O} Q.
o | 48
\2 m3 - | -
r ~ N N Kl mn T i =
W.O. 247TC(3) T2 ( / ) % 151 g
c | 4
I <
> :
S| o
After reheating... 3 O ;
% | Baryon asymmetry too small: Yp :\‘ CMB limit 'é'
—nr +3Hny, =~ —1'yongp < \ .
dt S \
> \ %
5 : :
m \ \
\ o
1
. . S
1.0 1.5 2.0 25 3.0
Washout avoidance Reheat Temperature: Try [ 10'° GeV ]

requires: my >~ 10 Ty,



How to save gravitational LG?

Delayed reheating into the SM sector.

To keep the canonical seesaw scale, my ~ 10'* GeV, the SM must
not reheat above T¢y, ~ 10"3 GeV.

dark Standard
2 > sector 2 Model

H, ~ 10" GeV Try ~ 10*° GeV Tsm < 101 GeV
pint ~ 100 x (10" GeV)4



Baryogenesis from Axion Inflation
via Decaying Magnetic Helicity

... via Chiral Gravitational Waves

@ )
Cosmology of the Clockwork Axion

work in progress with Lian-Tao Wang & Andrea Tesi

A J




The Clockwork Axion

Kaplan & Rattazzi (2015)

Consider a family of N+1 complex scalar fields ¢,(x).

N

2 =3 |0utnl” = Al6nl? = £2)°] + € NZMWH“LC}

& o
Respects Explicitly broken to (¢=3)
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Typical parameters

N~ 15

for ~ 10 TeV

m, ~ A2 foq ~ 1 TeV
mg ~ €2 foq ~ 100 GeV

m, =0 [before QCD effects]

Big problems if axion couples to QCD with strength 1/ fpq .
Needs to be much weaker!



Suppressing the coupling to QCD

Axion overlap decreases exponentially with each site

N N
WHZZOHZAZ_OTLOCL_FZONZGZ OnO—Q with ng
i=0 i=1 q
~ NCL/3 Na/g Na/SN_l Na’/SN

Couple last site to QCD

Ling = pnQQ°
D Lo =2GG = GG with  fu =" frg
fPQ fa

: An exponential hierarchy

from O(2) parameters!



Phenomenology Implications

Lowers PQ scale to within reach of colliders

¢=3 )
N — 15 > = fa — qupQ ~/ 1011 GeV
fPQ — 10 TeV )

Allows an enhanced axion-photon coupling

9% 10° 10' 107 107 w2 Farina, Pappadopulo, Rompineve, & Tesi (2016)



What happens to cosmology?

Standard QCD Axion Cosmology
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What happens to cosmology?

Clock-working with ¢" = 3% ~ 10°
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What happens to cosmology?

Clock—working with fpgo = 10 TeV
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Of strings & walls

Formation of a string wall-network at T ~ o5 via Kibble mech.
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N-+1 “flavors” of cosmic strings ...



Of strings & walls

Formation of a string wall-network at T ~ o5 via Kibble mech.
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N+1 “flavors” of cosmic strings ... connected by lots of domain walls!



Complicated defect network!

Higaki, Jeong, Kitajima, & Sekiguchi (2016)
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Axion Dark Matter from Defects

Nalve estimates ...

Energy in the strings?

2 2 2
Pstrings ™ :LLHQCD ~ fPQHQCD

Energy in the walls?

2
Pwalls ™~ UHQCD ~ mep HQCD
Q

= (walls dominate at QCD)

Efficiency of axion emission?

Gear Mass: Mgear [ GeV |

Paxions — Rnr X (pstrings =+ pwalls)
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...imply strong upper limit on mg & f;,!
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Hidden theme: be wary of exponentials

Sec 1) The relic baryon asymmetry is
very sensitive to how hyper-magnetic
fields are converted into EM fields at
the electroweak crossover. (source

competes with exponential washout by
sphalerons)

2.5 assuming wgy =0, OF% =-1, and He = 10" GeV
my = mie x 1016 GeV

Aq usppTqIod

=ngls [107'7]

Abasus

Baryon Asymmetry: Yg

5 L L AL L L
1.0 15 2.0 25 3.0
Reheat Temperature: Tgy [1015 GeV]

baryon
asymmetry

4

3

time

Sec 2) The relic lepton asymmetry is very
sensitive to the Majorana mass scale &

reheat temperature. (exponential washout
by L-violating interactions)

Sec 3) How robust are the naive estimates of axion relic abundance? They could

be as wrong as gN ~ f, / fpq ~ 107, (many domain walls

=> work in progress

suppressed couplings)



Summary & OQOutlook

We have considered a few models of high energy physics with axions.
How do these axions modify cosmology? =» Rich Physics!

We can probe this physics through cosmological relics!
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Implications & Applications

—

axion inflation
magnetogenesis

Field Strength, today : By ( Gauss)
o

10°° 107* 102 1079 10% 10* 10° 108 1070
Coherence length, today : Ag (pc)

(Agure adapted from
Durrer & Neronov, 2013)

will be probed by

CMB measurements

(see John Kovac's talk)

will be probed
by blazar halo
measurements

Application:
--oscillation of photons into

keV axion dark matter
--see Kamada & Nakai (2017)



