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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 
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hiding in the “cracks” (error bars):  	
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In this section, I’m going to …  
 
… assume that a helical magnetic field was created in the early universe 
prior 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!) 

Executive Summary 



Standard Model 
anomalies &  

primordial magnetic 
fields 



 
 
 
 
 
 
 
Thermal fluctuations of the weak isospin field (EW sphaleron), 
provide support for the SU(2)L term.   
 

Kuzmin,	Rubakov,	Shaposhnikov	(1985)	

SU(2)L gauge field U(1)Y gauge fieldbaryon & lepton number

Standard Model B & L Violation 

‘t	Hooft	(1976)	

10 J. M. Cline

the magnitude of its baryon asymmetry.) It is easy to see why these conditions
are necessary. The need for B (baryon) violation is obvious. Let’s consider some
examples of B violation.

2.1. B violation

In the standard model, B is violated by the triangle anomaly, which spoils con-
servation of the left-handed baryon+ lepton current,

∂µJµ
BL+LL

=
3g2

32π2
ϵαβγδW

αβ
a W γδ

a (2.1)

where Wαβ
a is the SU(2) field strength. As we will discuss in more detail in

section 4, this leads to the nonperturbative sphaleron process pictured in fig. 4.
It involves 9 left-handed (SU(2) doublet) quarks, 3 from each generation, and 3
left-handed leptons, one from each generation. It violates B and L by 3 units
each,

∆B = ∆L = ±3 (2.2)
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Fig. 4. The sphaleron.

In grand unified theories, like SU(5), there are heavy gauge bosons Xµ and
heavy Higgs bosons Y with couplings to quarks and leptons of the form

Xqq, Xq̄l̄ (2.3)

and similarly for Y . The simultaneous existence of these two interactions imply
that there is no consistent assignment of baryon number to Xµ. Hence B is
violated.



 
A hypermagnetic field provides support for the U(1)Y term.   
 
 
To induce a change in B-number, the helicity must change 
 
 
In a plasma, the helicity decays because of ohmic losses 

B-Number from Magnetic Helicity 

hYµ⌫ Ỹ
µ⌫i = �4hBY ·r⇥BY i/�Y

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

SU(2)L gauge field U(1)Y gauge fieldbaryon & lepton number

�QB = �Ngen
g02

16⇡2
�HY where HY =

Z
d3xAY ·BY

EY = jY /�Y ⇡ r⇥BY /�Y
Decaying	hypermagneDc	
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). 

�Lint =
'

4f
Fµ⌫

eFµ⌫ =
d'/dt

2f
A ·B+ · · ·

Garretson,	Field,	&	Carroll	(1992);		Anber	&	Sorbo	(2006)	
Durrer,	Hollenstein,	Jain	(2010)			

Barnaby,	Moxon,	Namba,	Peloso,	Shiu,	&	Zhou	(2012)	
Caprini	&	Sorbo	(2014)	

Fujita,	Namba,	Tada,	Takeda,	Tashiro	(2015)		
Anber	&	Sabancilar	(2015)	
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Figure 3: Clockwise from the top: The magnetic field intensity, the correlation length, the
energy density of inflaton fluctuations and the total energy fraction in the gauge field. All are
plotted as a function of the number of e-folds after the end of inflation for several values of
the axion-gauge coupling from ↵/f = 35m�1

Pl

(red) to ↵/f = 60m�1

Pl

(purple) in increments
of ↵/f = 5m�1

Pl

, color-coded along the rainbow spectrum. The dotted black curves of B2

phys

show the results of the the no-back-reaction calculation.

therefore lead to significant sampling errors by randomly sampling or missing each band.
However, a simple time-averaging can still bring out the underlying red-shifting behavior.

Furthermore, at early times, the numerical results for the magnetic field and correlation
length obtained from the integration of the expressions given in eq. (2.17) and eq. (2.18) are
somewhat dependent on the upper limit of integration, as seen in Fig. 4. This is indicative
of a renormalization issue that we have not addressed. If one would integrate the mode
amplitude in an infinite k interval, the Bunch Davies contribution would cause the integral
to diverge. In any reasonable finite range of wavenumbers, once the tachyonic resonance sets
in, the modes that are amplified will dominate the energy density, and correspondingly the
magnetic field intensity. Renormalization will not be required, unless the considered range of
wavenumbers is exponentially larger than the range of amplified wavenumbers. We return to
this issue in section 3.2.3.

The power spectra for the two gauge field polarization modes calculated through the
no-back-reaction approximation and using the full lattice code are in excellent agreement, as
shown in Fig. 5.
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LaIce	simulaDon		
of	B-field	growth		
during	preheaDng	

aKer	axion	inflaDon					
Adshead,	Giblin,		

Scully,	Sfakianakis	(2016)	

axion	coupled	to	EM			…	 	rolling	sources	helicity	 	... 		opens	tachyonic	instability	

B
today

⇠ 10�13 Gauss �
today

⇠ 10 pc



How do we 
formulate 

the problem? 



Background B-Field Evolution 
Simplified model for the background B-field: 
 
 
 

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

hB ·r⇥Bi ⇡ ±Bp(t)
2/�B(t)

Bp(t) =
�
a/a0

��2�
⌧/⌧rec

��1/3
B0

�B(t) =
�
a/a0

��
⌧/⌧rec

�2/3
�0

Frisch,	Pouquet,	Leorat,	Mazure,	75,76	
Banerjee	&	Jedamzik,	2004	

Campenelli,	2007	
Kahniashvilli	et.	al.	2013	

k (wavenumber)

(field
strength)

Bp(t)

PE(t, k) = ±PH(t, k)

(coherence length) �B(t)



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

  
 

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

d

dt
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sphaleron
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The Standard Model transport equations used in our analysis are summarized below:
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arise from the weak gauge interactions. We estimate the corresponding transport coe�cients, �i
udw,
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We estimate these transport coe�cients in Eq. (2.29).

The remaining source terms are associated with the Standard Model chiral anomalies. Ther-
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from the results of lattice simulations in Eqs. (2.43a) and (2.43b). In the presence of a background
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arise from the Yukawa interactions. We estimate the transport coe�cients in Eq. (2.26). After the

electroweak phase transition, the gauge and Yukawa interactions mediate scattering with the Higgs

condensate. This gives rise to the additional source terms,
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We estimate these transport coe�cients in Eq. (2.29).

The remaining source terms are associated with the Standard Model chiral anomalies. Ther-

mal fluctuations of the non-Abelian gauge fields lead to the terms
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which are known as the strong and electroweak sphalerons. We extract the transport coe�cients

from the results of lattice simulations in Eqs. (2.43a) and (2.43b). In the presence of a background

9

Hypercharge & Weak Isospin Source Terms

The three remaining source terms correspond to background contributions from the hypercharge

and weak isospin gauge fields. Transcribing from Eq. (2.34), they are written as
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It is appropriate to discuss these contributions together, because they become entangled after elec-

troweak symmetry breaking. In this section, we first calculate these source terms in the symmetric

phase, and then consider the broken phase.

In the symmetric phase, the non-Abelian iso-magnetic field W 3 is screened (cf. Eq. (2.37)),

and the corresponding source terms vanish

Sbkg

w

= 0 and Sbkg

yw

= 0 (symmetric phase) . (2.45)

On the other hand, the Abelian U(1)Y magnetic field is not screened. The hypercharge source term

is written in terms of the hyperelectric and hypermagnetic fields using

1

2
✏µ⌫⇢�hYµ⌫ihY⇢�i = �4EY ·BY . (2.46)

Now we proceed to evaluate this quantity using the equations of chiral magnetohydrodynamics.

When a medium with a chiral asymmetry is exposed to a magnetic field there is an induced electric

current; this phenomenon is known as the chiral magnetic e↵ect (CME) [50] (see also the review

[51]). In the context of hypercharge, the induced hyper-electric current is9

jCME,Y =
2

⇡
↵
y

µ
5,Y BY , (2.47)

where BY is the hypermagnetic field and the chiral asymmetry was given by Eq. (2.15). Then

the total hyperelectric current is written as a sum of of dissipative term (Ohm’s law) and the

non-dissipative term (CME),

jY = �Y
�

EY + v ⇥BY
�

+ jCME,Y (2.48)

where v is the local fluid velocity and �Y is the hyperelectric conductivity. At high temperature

(T � 100 GeV) in the symmetric phase, the conductivity is given by [52]

�Y ⇡ 64⇣(3)2⇡�3
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22
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' 55T . (2.49)

9Since the U(1)Y gauge interactions are not vector-like, the chiral asymmetry µ5,Y does not transform as a

pseudoscalar under parity, and the hypercharge current jCME,Y does not transform as a vector. This contrasts with

the case of electromagnetism.
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This behavior was overlooked in some previous studies.  The CME cannot be neglected!

⌘(eq)B ⇡
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/�Y
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�B2
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�
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0.08m2
h(T )/T

2 +B2
14

�
T/Tw

�2/3

we’ll	discuss	EW	
crossover	next	



What happens at 
the EW 

crossover? 



Evolution through EW Crossover 

At this time…  
 

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

 … the washout shuts off, because the W-boson mass grows, 
suppressing EW sphaleron transitions. 
 
 �sph. / exp

h
�#MW (T )/↵W

i

@jB ⇠ WW̃ � Y Ỹ 6= FF̃

d

dt
nB = ��

sphaleron

nB + S
hypermagnetic



Crossover Evolution Scenarios 

increasing	time,	
decreasing	temperature	

baryon	
asymmetry	

turn	on	helical	B-7ield	

washout	processes	come	into	equilibrium,		
&	suppress	the	baryon	asymmetry	

at	the	EW	crossover,	both	the	source	&	
washout	processes	go	out	of	equilibrium	

Source	&	washout	shut	
off	simultaneously	

(Fujita	&	Kamada,	2016)	
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&	suppress	the	baryon	asymmetry	

at	the	EW	crossover,	both	the	source	&	
washout	processes	go	out	of	equilibrium	

Source	&	washout	shut	
off	simultaneously	

(Fujita	&	Kamada,	2016)	

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



Crossover Evolution Scenarios 

increasing	time,	
decreasing	temperature	

baryon	
asymmetry	

turn	on	helical	B-7ield	

washout	processes	come	into	equilibrium,		
&	suppress	the	baryon	asymmetry	

at	the	EW	crossover,	both	the	source	&	
washout	processes	go	out	of	equilibrium	

Source	&	washout	shut	
off	simultaneously	

(Fujita	&	Kamada,	2016)	

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

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



Model the U(1)Y to U(1)em conversion 

✓W(t)

BY Bem

BZ

BW 3

BA

the massive fields decay quickly leaving only the massless electromagnetic field A
µ

(x). We defined

the electromagnetic field through the standard electroweak rotation, A
µ

= sin ✓W0

W 3

µ

+ cos ✓W0

Y
µ

where the vacuum weak mixing angle ✓W0

is expressed in terms of the U(1)
Y

and SU(2)
L

and gauge

couplings, g0 and g, respectively, as tan ✓W0

= g0/g. This relation furnishes the matching condition

B

A

(x, t
co

+ ✏) = cos ✓W0

B

Y

(x, t
co

� ✏), which we used to relate the electromagnetic field just after

the crossover t
co

⌘ t(T = 162 GeV) to the hypermagnetic field just before the crossover.

The approach described above is not correct in the following sense. During the EW crossover,

the gauge fields acquire mass from both the Higgs condensate and thermal e↵ects in the plasma.

If the thermal e↵ects could be neglected, then we would have four massless fields in the symmetric

phase where the Higgs condensate is zero, and we would have one massless field in the broken

phase. If we define the weak mixing angle as the parameter of the SO(2) matrix that diagonal-

izes the quadratic gauge field terms in the Lagrangian, then this approximation corresponds to

an abrupt change from tan ✓W = 0 in the symmetric phase to tan ✓W = g0/g in the broken phase.

However, this is not the case1. As we have already mentioned above, the non-Abelian gauge fields

W a

µ

(x) also acquire mass from their self-interactions in the plasma, which leads to the screening of

iso-magnetic fields. Consequently the mixing angle ✓W(t) will change slowly with time while inter-

polating smoothly between its symmetric and broken phase limiting values. It continues to deviate

appreciably from its zero-temperature value tan ✓W0

= g0/g even at relatively low temperatures of

T = 140 GeV. This behavior is confirmed by analytic calculations [63] and recent numerical lattice

simulations [61]. We will study it quantitatively in Sec. 4.

In light of the preceding discussion, we generalize our treatment of the gauge fields at the

EW crossover as follows. At any time, the spectrum consists of three massive and one massless

gauge field degrees of freedom. In general the massless degree of freedom at time t can be written

as an SO(2) rotation of W 3

µ

(x) and Y
µ

(x) with parameter ✓W(t). In other words ✓W(t) is defined as

the rotation angle that projects the massless field degree of freedom onto the U(1)
Y

field axis. As

before, we assume that the massive fields are screened or decay away quickly compared to the time

scale on which the baryon asymmetry evolves.2 Therefore the field evolution can be modeled by

the Ansatz

hW 1

µ

(x)i = hW 2

µ

(x)i = 0 (2.3a)

hW 3

µ

(x)i = sin ✓W(t)A
µ

(x) (2.3b)

hY
µ

(x)i = cos ✓W(t)A
µ

(x) . (2.3c)

By requiring the three massive field degrees of freedom to vanish and their decay not to a↵ect the

1We are grateful to Mikhail Shaposhnikov for bringing this point to our attention.
2This assumption is confirmed with the following rough estimates. Parametrically, the perturbative Z-boson

decay width at temperature T is given by �Z ⇠ (g2 + g02)3/2v(T ) where v(T ) is the vacuum expectation value of the

Higgs field at temperature T . Comparing this decay rate with the Hubble expansion rate during the EW epoch we

have �Z/H ⇠ 1015(T/100 GeV)�2(v(T )/100 GeV), which supports our assumption that the Z-field decays quickly.

We expect this general conclusion to be unchanged when thermal and non-perturbative e↵ects are considered more

carefully.
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dots	&	error	bars	=	lattice	simulation	from	D’Onofrio	&	
	Rummukainen	(2015).			

black	dashed	=	analytic	approx.	from	Kajantie,	Laine,	
	Rummukainen,	&	Shaposhnikov	(1996)	

colored	curves	=	we	use	tanh	functions	to	model	the	
	crossover	

Z-γ	mixing	is	proxy	for	BY	to	Bem	

entirely	BY	

entirely	Bem	



BAU Evolution through EW Crossover 

E D
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pessimisDc	regime	…	
washout	acDve	aKer	
source	shuts	off	

realisDc	regime	…	source	acDve	
aKer	washout	shuts	off		
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Result: Predicted Baryon Asymmetry 
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The conversion of 
U(1)Y B-field into 
U(1)em 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! 



Where to go from here? 

Refinements:   
Study conversion of magnetic fields at EW crossover 

 è main message in this section 
Calculate helicity decay directly with MHD simulations  

 è “not difficult” to implement 
 
Implications & Applications: 
Study baryogenesis from axion inflation (etc.) self-consistently 

 è Various studies: Anber & Sabancilar (2015); Cado & Sabancilar 
(2016);  Jimenez, Kamada, Schmitz, & Xu (2017) 
Observation side – develop new probes of relic (helical) magnetic fields 

 è E.g., using cascade halos around TeV blazars  
Study “dark” magnetic field (hidden sector U1) and /or dark matter 
production 

 è  E.g., Cado & Sabancilar (2016) 



Implications & Applications 
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η�=

will be probed 
by blazar halo 
measurements 

will be probed by 
CMB measurements 

axion inflation 
magnetogenesis 

inconsistent	with	
MHD	evoluDon	

conflict	
with	CMB	

cannot	explain	
blazar	observaDons	

(figure	adapted	from	
Durrer	&	Neronov,	2013)	

models considered 
in this work live 
along black arrow (see	John	Kovac’s	talk)	

Application: 
--oscillation of photons into 
keV axion dark matter 
--see Kamada & Nakai (2017)  



MagneDc	Field	Scaling	Law	

B̃(⌧) = a(t)2Bp(t) �̃(⌧) = a(t)�1�B(t)

B̃rec = B0 �̃rec = �0

�̃(⌧) = C vA(⌧)⌧

vA(⌧) = c/
p

1 + (⇢+ P )/(2Pm) / B̃(⌧)

Pm(⌧) = B̃(⌧)2/2

�̃B̃2 = �̃recB̃
2
rec

Comoving	quanDDes:	

AdiabaDc	evoluDon	
aKer	recombinaDon:	

Coherence	length	
tracks	eddy	scale:	

SoluDon:	

Helicity	is		
quasi-conserved:	

“inverse		
cascade”	

H	~	λ	B2	for	maximally	helical	field	



Baryogenesis	without	(B-L)?	

Recall	that	(B-L)	=	0	at	all	Dmes!		But,	Kuzmin,	Rubakov,	&	Shaposhnikov	(‘85)	taught	
us	that	B	à	0	and	L	à	0	in	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)Y	field	sources	(B+L)	and	prevents	B,L	à	0.			
	
	
	
In	the	broken	phase	(T	<	160	GeV),	the	EW	sphaleron	remains	in	equilibrium	unDl	
T~140	GeV.		Since	the	U(1)em	field	doesn’t	source	B-number	(because,	vector-like	
interacDons),	why	doesn’t	B-number	washout?	…	The	U(1)em	field	sources	chiral	
charge	(like	in	QED)	and	prevents	B-washout	in	the	R-chiral	fermions.			
	
toy
model



Baryogenesis from Axion Inflation 
via Decaying Magnetic Helicity

… via Chiral Gravitational Waves

Cosmology of  the Clockwork Axion

work	in	progress	with	Peter	Adshead	&	Evangelos	Sfakianakis	



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

Gravitational Anomaly 

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

@µj
µ
B = 0 = qL qR

⌫L@µj
µ
L =

Ngen

24

1

16⇡2
RR̃ =



The source term is  
 
 
 
 
In terms of linearized metric perturbations,  
 
 
 
 
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.   

What sources the anomaly? 
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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	



(1)  Let inflation be driven by a slowly-rolling axion.   
 
(2)  Introduce a non-minimal gravitational coupling for the axion. 

(3)  Rolling axion leads to growth of chiral gravitational waves. 

 
 
(4)  Which sources lepton-number 

Gravitational Leptogenesis 

Lint =
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16⇡2

�

f
RR̃

Alexander,	Peskin,	&	Sheikh-Jabbari	(2006)		
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Gravitational Leptogenesis 

0.5 0.6 0.7 0.8 0.9 1.
0.9

1.1

1.3

1.5

1.7

1.9

2.1

2.3

2.5

2.7

2.9
0.04 0.06 0.08 0.1 0.12 0.14 0.16

Hubble Scale (end of inflation): He [ 1013 GeV ]

R
eh
ea
tT
em
pe
ra
tu
re
:
T R

H
[1
01
5
G
eV

]

Tensor-to-Scalar Ratio: r

����
����

� �� ����
�� ����

����
����

� ρ��
> ρ�

��������
��

����
�

>
���

������ ��������� ��� ������
�� < �����

× �� -��

Y
10 = 10 10

Y
B = 1.0

Y
10 = 1.5

Y
10 = 2.0

Y
10 = 0.5

assuming wRH = 0 and ΩL-R
GW = -1

PredicDve!	
Testable!	
Signature	=	stochasDc	
gravitaDonal	wave	
background	is	chiral	

HL-R=1	Difficult!	



The Standard Model does not accommodate light ν masses.   
 
Solving the ν mass problem kills gravitational leptogenesis.   

Neutrino Masses 



 
è No gravitational anomaly = no source for lepton-number 

Neutrino Masses -- Dirac 

@µj
µ
B = 0 = qL qR

⌫L@µj
µ
L = 0 = ⌫R



 
è New heavy particles violate L-number & washout asymmetry. 

E.g., for the type-I seesaw 
 
 
 
 
 

Neutrino Masses -- Majorana 

L = �NLHN +mNNN + h.c.

m⌫ ⇠ �2
Nv2

mN
⇠

�
0.1 eV

�✓�N

1

◆2 ✓1014 GeV

mN

◆

H

L L̄

H̄
N

If mN ~ 1014 GeV and TRH ~ 1015 GeV, then heavy Majorana 
neutrinos (N’s) are present in the plasma after reheating.   
 
Their interactions violate L-number ===>   
 
They will washout the lepton asymmetry!   
	



 
Washout rate 
 
 
 
 
 
After reheating… 
 
 
 
 
Results ========> 
 
Washout avoidance 
requires:  mN >~ 10 TRH 

Including washout 
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Delayed reheating into the SM sector.   
 
To keep the canonical seesaw scale, mN ~ 1014 GeV, the SM must 
not reheat above TSM ~ 1013 GeV.   

How to save gravitational LG? 

inflaton
dark 

sector
Standard

Model

He ⇠ 1013 GeV

⇢inf ⇠ 100⇥
�
1015 GeV

�4
TRH ⇠ 1015 GeV TSM . 1013 GeV



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	



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

The Clockwork Axion 
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Kaplan	&	Rattazzi	(2015)	
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Spectrum. 

massless	axion	

N	massive	gears	

N+1	radial	modes	

U(1)PQ : �n ! exp

⇥
iq�n✓

⇤
�n

Explicitly	broken	to		
�
q ⌘ 3

�



 
Typical parameters 
 

 N ~ 15 
 fPQ ~ 10 TeV 
 mρ ~ λ1/2 fPQ ~ 1 TeV 
 mG ~ ε1/2 fPQ ~ 100 GeV 
 ma = 0   [before QCD effects] 

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



Axion overlap decreases exponentially with each site 
 
 
 
 
 
 
 

Suppressing the coupling to QCD 

⇡n =
NX
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NX
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Oni Gi On0 =
C

qn
with q ⌘ 3

⇡0 ⇡1 ⇡2 ⇡N�1 ⇡N· · ·
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Lint = �NQQc
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fPQ
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a

fa
GG̃ with fa = qNfPQ

Couple last site to QCD 

QCD

An	exponential	hierarchy		
from	O(1)	parameters!	



Lowers PQ scale to within reach of colliders 
 
 
 
 
 
 
Allows an enhanced axion-photon coupling 

Phenomenology Implications 

q = 3
N = 15

fPQ = 10 TeV

9
=

; ) fa = qNfPQ ⇠ 1011 GeV

Farina,	Pappadopulo,	Rompineve,	&	Tesi	(2016)	



What happens to cosmology? 
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What happens to cosmology? 
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clock-working	widens	the	
“classical	axion	window”	



What happens to cosmology? 
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The	non-trivial	effects	of	clock-working	show	up	in	the	defect	network	…		



Formation of a string wall-network at T ~ fPQ via Kibble mech. 

Of strings & walls 
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N+1	“flavors”	of	cosmic	strings	…		

tension: µ ⇠ f2
PQ



Formation of a string wall-network at T ~ fPQ via Kibble mech. 

Of strings & walls 
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connected	by	lots	of	domain	walls!	N+1	“flavors”	of	cosmic	strings	…		

tension: µ ⇠ f2
PQ
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PQ



Complicated defect network! 
Higaki,	Jeong,	Kitajima,	&	Sekiguchi	(2016)	



Naïve estimates …  
 
 
Energy in the strings? 
 
 
 
Energy in the walls? 
 
 

è  (walls dominate at QCD) 

 
Efficiency of axion emission? 

Axion Dark Matter from Defects 
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Hidden theme:  be wary of exponentials 
baryon	

asymmetry	

time	
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assuming wRH = 0, ΩL-R
GW = -1, and He = 1013 GeV

mN =m16 × 1016 GeV

m
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1

m
16 =
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m16 = 3
m N

>>
Tm

ax

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) 

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 naïve estimates of axion relic abundance?  They could 
be as wrong as qN ~ fa / fPQ ~ 107.  (many domain walls & suppressed couplings)   
è work in progress 



We have considered a few models of high energy physics with axions.   
 
How do these axions modify cosmology?  è Rich Physics! 
 
We can probe this physics through cosmological relics! 

Summary & Outlook 

Primordial
Magnetic Fields

Matter /Antimatter
Asymmetry

Topological
Defects

Gravitational
Waves

Relic Matter
DM & DR



Implications & Applications 
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η�=

will be probed 
by blazar halo 
measurements 

will be probed by 
CMB measurements 

axion inflation 
magnetogenesis 

inconsistent	with	
MHD	evoluDon	

conflict	
with	CMB	

cannot	explain	
blazar	observaDons	

(figure	adapted	from	
Durrer	&	Neronov,	2013)	

models considered 
in this work live 
along black arrow (see	John	Kovac’s	talk)	

Application: 
--oscillation of photons into 
keV axion dark matter 
--see Kamada & Nakai (2017)  


