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Models of Flavons
❖ Explain form of Yukawa matrix:

❖ Froggatt–Nielsen: 

❖   

❖ Dimension-5 effective operators with scale Λ:

❖ Ratio                                  determines Yukawa couplings: 
for lighter quarks,              .

/9
B E N J A M I N  L I L L A R D  U C  I R V I N E       P H E N O  2 0 1 8     M A Y  7 – 9 ,  2 0 1 8

2

ÈSÍ/� = ‘ ƒ 0.23

6

ÈSÍ/� = ‘ ƒ 0.23

S ≠æ vS + ‡ + iflÔ
2

(0.1)

6

ÈSÍ/� = ‘ ƒ 0.23

LFN ≥
3

S

�

4nu
ij

Qi�uj +
3

S

�

4nd
ij

Qi
Â�dj (0.1)

S ≠æ vS + ‡ + iflÔ
2

(0.2)

6

ÈSÍ/� = ‘ ƒ 0.23

LFN ≥
3

S

�

4nu
ij

Qi�uj +
3

S

�

4nd
ij

Qi
Â�dj (0.1)

S ≠æ vS + ‡ + iflÔ
2

(0.2)

LFN ≥ ‡Qi�uj

� + ‡Qi
Â�dj

� (0.3)

LFN ≥ n‘n≠1 ‡Qi�uj

� (0.4)

6

radial mode 

(flavon)

Typesetting for “Flavon Cosmology” Presentation

1 Math Typesetting

hSi/⇤ = ✏ ' 0.23

L
FN

⇠
✓
S

⇤

◆nu
ij

Qi�uj +

✓
S

⇤

◆nd
ij

Qi
e�dj (1.1)

⇤ & 1012 GeV

yuijQi�uj �!
✓
S

⇤

◆nu
ij

Qi�uj (1.2)

�

S �! vS + � + i⇢p
2

(1.3)

V (�)

L
FN

⇠ �Qi�uj

⇤
+

�Qi
e�dj
⇤

(1.4)

V
e↵

(T, �)

L
FN

⇠ n✏n�1

�Qi�uj

⇤
(1.5)

V
e↵

(T = 0, �)

�V ⇠ T 4

�

⇤
(1.6)

��

y ⇠ ✏n (1.7)

2 Feynman Diagrams

�

Qi

uj,dj

�

• (2.1)

0.1–1 sec . ⌧� . 100 sec 100 sec . ⌧�

�ij
� ⇠ m3

�

64⇡3⇤2

(2.2)

1

Typesetting for “Flavon Cosmology” Presentation

1 Math Typesetting

hSi/⇤ = ✏ ' 0.23

L
FN

⇠
✓
S

⇤

◆nu
ij

Qi�uj +

✓
S

⇤

◆nd
ij

Qi
e�dj (1.1)

⇤ & 1012 GeV

yuijQi�uj �!
✓
S

⇤

◆n

Qi�uj (1.2)

�

S �! vS + � + i⇢p
2

(1.3)

V (�)

L
FN

⇠ �Qi�uj

⇤
+

�Qi
e�dj
⇤

(1.4)

V
e↵

(T, �)

L
FN

⇠ n✏n�1

�Qi�uj

⇤
(1.5)

V
e↵

(T = 0, �)

�V ⇠ T 4

�

⇤
(1.6)

��

y ⇠ ✏n (1.7)

2 Feynman Diagrams

�

Qi

uj,dj

�

• (2.1)

0.1–1 sec . ⌧� . 100 sec 100 sec . ⌧�

�ij
� ⇠ m3

�

64⇡3⇤2

(2.2)

1



Decays of Flavons
❖ Flavons decay to Standard Model: 

❖ Late-decaying flavons can spoil BBN 

❖ IF       Flavon lifetime is sufficiently long

❖ AND Enough flavons are produced
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Flavon Production 1: Freeze-In
❖ Out-of-equilibrium flavon production

❖ Solve Boltzmann equation

❖ Dominated by high-temperature limit

❖ Flavon yield Yσ scales linearly with TR

❖         
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Flavon Production 2: Scalar Potential
❖ Thermal effects add terms to scalar potential:  

  
Free energy of a Yukawa gas depends on coupling y2; expansion includes radial mode σ.
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potential [35, 36]. This discussion applies to the case in which the flavon is not in thermal
equilibrium. For a discussion of equilibrated flavons, see e.g. [37]. The crucial point is
that the free energy receives contributions from the Yukawa couplings y, which we derive in
Appendix C,
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The ↵ term in Equation (10) drives the flavon away from its zero temperature minimum
towards smaller values.

Qualitatively, the flavon gets driven away from its T = 0 minimum until it gets stopped
by the mass term or Hubble friction,
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Flavon Production 2: Scalar Potential
❖ Thermal effects add terms to scalar potential  

Free energy of a Yukawa gas depends on coupling y2, expansion includes radial mode σ. 

❖ Equations of motion for σ depend on temperature  
Surprisingly, has analytic solution when cubic and quartic terms are dropped

❖ Flavon yield:
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equilibrium. For a discussion of equilibrated flavons, see e.g. [37]. The crucial point is
that the free energy receives contributions from the Yukawa couplings y, which we derive in
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FIG. 4. In (a) we show the three functions !
0,1,2 which enter into the general solution, ! =

!
0

+ c
1

!
1

+ c
2

!
2

. In (b) we take the initial condition !(u
0

) = !0(u
0

) = 0 at u
0

= 5.0. The dashed
lines represent the envelope �u4±u3/2�!, which accurately describes the low temperature (u < 1)
oscillation about the minimum of the finite temperature scalar potential.

which satisfy the low temperature limit of (D1), u2

d

2!
du2

+!/u4 = O(u3/2) ⌧ 1. Conveniently,
the phases of !

0

and !
1

approach each other as u ! 0, so that the amplitude of the total
oscillation can be written in terms of c

1

and c
2

:

!(u) = � u4 + u3/2�! cos

✓
1

2u2

� �
0

◆
, (D9a)

�!2 = (1.607 + 0.978c
1

)2 + (1.446c
2

)2 + 2.045(1.607 + 0.978c
1

)c
2

, (D9b)

where the phase �
0

of the general solution is also determined by c
1

and c
2

. At temperatures
H . m�, the flavon oscillates about the minimum of its finite temperature scalar poten-
tial, ! = �u4, rather than ! = 0: this distinction becomes important for small reheating
temperatures TR ⌧ p

m�MH .

Given specific boundary conditions !(u
0

) and !0(u
0

) at some initial u
0

= TR/
p
m�MH ,

the coe�cients c
1

and c
2

can be derived from the exact solutions !i. For u0

� 1 it is easier
to use the asymptotic solution !(u) ' ln u+ c

1

u+ c
2

+ 1.277 instead, with the result

c
1

= !0(u
0

)� 1

u
0

and c
2

= !(u
0

)� u
0

!0(u
0

)� ln u
0

� 0.277 . (D10)

As we discuss in Section IIIA, a modest lower bound on the amplitude of the oscillation can
be found by assuming the initial condition !(u

0

) = !0(u
0

) = 0, which corresponds to the
u � 1 asymptotic solution !(u) = ln

�
u/u

0

� � u/u
0

+ 1. The amplitude of the oscillations
when the temperature falls below u . 1 can be taken simply from (D9b). More general initial
conditions such as !0(u

0

) 6= 0 typically produce larger oscillations, though it is possible to
fine tune the initial conditions such that it is suppressed.

If the reheating temperature is small to begin with, u
0

⌧ 1, the flavon oscillates freely
about the minimum of its finite temperature potential, !(u) = �u4. Taking the !(u

0

) =

!0(u
0

) = 0 initial condition, the amplitude of the flavon oscillations is u
5/2
0

u3/2. The left
panel of Figure 5 shows !(u) with u

0

= 0.2, along with the envelope function �u4 ± �!
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❖ Larger Λ reduces the flavon yield, but increases lifetime: 
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FIG. 2. Big Bang Nucleosynthesis constraints on late time flavon decays in the (m�,⇤) plane. In
(a) the light blue (gray, olive) shaded areas correspond to regions in the parameter space excluded
for TR = 105GeV (107GeV, 109GeV). In (b) the limits are shown for TR = 103GeV and 104GeV
as green and red shaded areas, respectively.

In the left panel of Figure 2 we show the BBN constraints on the (m�,⇤) plane for
several values of the reheating temperature from TR = 105 to 109 GeV. For a given m�,
the BBN limits exclude a window of ⇤ starting where the flavon lifetime corresponds to the
onset of BBN, ⌧� & 0.1 � 1 sec and ending when ⇤ becomes large enough that the flavon
yield decreases to the point that its decays become irrelevant for BBN. For TR = 109 GeV,
this upper boundary occurs for ⇤ > M

P

. The detailed shape of the exclusion regions for
m�  100 GeV correspond to the interplay of multiple observables, with the lower ⇤ (i.e.,
lower ⌧�) constraints dominated by p $ n interconversion and the larger values excluded
by hadrodissociation processes. For TR = 103 GeV to 104 GeV the situation is qualitatively
the same, as can be seen in the right panel of Figure 2(a). A new feature for these lower
reheat temperatures is an intermediate range of ⇤ ⇠ 1014 GeV for which the flavon yield
is already low enough to avoid the limits from p $ n interconversion processes, while its
lifetime is short enough that the constraints from hadrodissociation do not apply, resulting
in a channel of allowed parameter space.

If the reheating temperature exceeds the freeze out temperature, Equation (8), the flavon
could enter thermal equilibrium at some stage of the cosmological evolution and might
dominate the energy density of the universe at later times when it becomes nonrelativistic.
In this case, we require T� > T

BBN

in order to prevent the early stages of BBN from
proceeding during a matter dominated epoch.

The exclusion bounds shown in Figure 2 depend on the choice of FN charges n
u/d
ij and

the associated order one coe�cients y
u/d
ij . For natural models realizing the FN mecha-

nism, the variations in the flavon couplings are of order one (see Appendix A). Thus, the
model-dependence of the bounds is typically at most of the same order as the theoreti-
cal uncertainties discussed in Section III. We verify that the two example choices of FN
charges (FN charges 1) and (FN charges 2) result in exclusion bounds which di↵er by a fac-
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FIG. 2. Big Bang Nucleosynthesis constraints on late time flavon decays in the (m�,⇤) plane. In
(a) the light blue (gray, olive) shaded areas correspond to regions in the parameter space excluded
for TR = 105GeV (107GeV, 109GeV). In (b) the limits are shown for TR = 103GeV and 104GeV
as green and red shaded areas, respectively.

In the left panel of Figure 2 we show the BBN constraints on the (m�,⇤) plane for
several values of the reheating temperature from TR = 105 to 109 GeV. For a given m�,
the BBN limits exclude a window of ⇤ starting where the flavon lifetime corresponds to the
onset of BBN, ⌧� & 0.1 � 1 sec and ending when ⇤ becomes large enough that the flavon
yield decreases to the point that its decays become irrelevant for BBN. For TR = 109 GeV,
this upper boundary occurs for ⇤ > M

P

. The detailed shape of the exclusion regions for
m�  100 GeV correspond to the interplay of multiple observables, with the lower ⇤ (i.e.,
lower ⌧�) constraints dominated by p $ n interconversion and the larger values excluded
by hadrodissociation processes. For TR = 103 GeV to 104 GeV the situation is qualitatively
the same, as can be seen in the right panel of Figure 2(a). A new feature for these lower
reheat temperatures is an intermediate range of ⇤ ⇠ 1014 GeV for which the flavon yield
is already low enough to avoid the limits from p $ n interconversion processes, while its
lifetime is short enough that the constraints from hadrodissociation do not apply, resulting
in a channel of allowed parameter space.

If the reheating temperature exceeds the freeze out temperature, Equation (8), the flavon
could enter thermal equilibrium at some stage of the cosmological evolution and might
dominate the energy density of the universe at later times when it becomes nonrelativistic.
In this case, we require T� > T

BBN

in order to prevent the early stages of BBN from
proceeding during a matter dominated epoch.

The exclusion bounds shown in Figure 2 depend on the choice of FN charges n
u/d
ij and

the associated order one coe�cients y
u/d
ij . For natural models realizing the FN mecha-

nism, the variations in the flavon couplings are of order one (see Appendix A). Thus, the
model-dependence of the bounds is typically at most of the same order as the theoreti-
cal uncertainties discussed in Section III. We verify that the two example choices of FN
charges (FN charges 1) and (FN charges 2) result in exclusion bounds which di↵er by a fac-
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FIG. 2. Big Bang Nucleosynthesis constraints on late time flavon decays in the (m�,⇤) plane. In
(a) the light blue (gray, olive) shaded areas correspond to regions in the parameter space excluded
for TR = 105GeV (107GeV, 109GeV). In (b) the limits are shown for TR = 103GeV and 104GeV
as green and red shaded areas, respectively.

In the left panel of Figure 2 we show the BBN constraints on the (m�,⇤) plane for
several values of the reheating temperature from TR = 105 to 109 GeV. For a given m�,
the BBN limits exclude a window of ⇤ starting where the flavon lifetime corresponds to the
onset of BBN, ⌧� & 0.1 � 1 sec and ending when ⇤ becomes large enough that the flavon
yield decreases to the point that its decays become irrelevant for BBN. For TR = 109 GeV,
this upper boundary occurs for ⇤ > M

P

. The detailed shape of the exclusion regions for
m�  100 GeV correspond to the interplay of multiple observables, with the lower ⇤ (i.e.,
lower ⌧�) constraints dominated by p $ n interconversion and the larger values excluded
by hadrodissociation processes. For TR = 103 GeV to 104 GeV the situation is qualitatively
the same, as can be seen in the right panel of Figure 2(a). A new feature for these lower
reheat temperatures is an intermediate range of ⇤ ⇠ 1014 GeV for which the flavon yield
is already low enough to avoid the limits from p $ n interconversion processes, while its
lifetime is short enough that the constraints from hadrodissociation do not apply, resulting
in a channel of allowed parameter space.

If the reheating temperature exceeds the freeze out temperature, Equation (8), the flavon
could enter thermal equilibrium at some stage of the cosmological evolution and might
dominate the energy density of the universe at later times when it becomes nonrelativistic.
In this case, we require T� > T

BBN

in order to prevent the early stages of BBN from
proceeding during a matter dominated epoch.

The exclusion bounds shown in Figure 2 depend on the choice of FN charges n
u/d
ij and

the associated order one coe�cients y
u/d
ij . For natural models realizing the FN mecha-

nism, the variations in the flavon couplings are of order one (see Appendix A). Thus, the
model-dependence of the bounds is typically at most of the same order as the theoreti-
cal uncertainties discussed in Section III. We verify that the two example choices of FN
charges (FN charges 1) and (FN charges 2) result in exclusion bounds which di↵er by a fac-
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FIG. 2. Big Bang Nucleosynthesis constraints on late time flavon decays in the (m�,⇤) plane. In
(a) the light blue (gray, olive) shaded areas correspond to regions in the parameter space excluded
for TR = 105GeV (107GeV, 109GeV). In (b) the limits are shown for TR = 103GeV and 104GeV
as green and red shaded areas, respectively.

In the left panel of Figure 2 we show the BBN constraints on the (m�,⇤) plane for
several values of the reheating temperature from TR = 105 to 109 GeV. For a given m�,
the BBN limits exclude a window of ⇤ starting where the flavon lifetime corresponds to the
onset of BBN, ⌧� & 0.1 � 1 sec and ending when ⇤ becomes large enough that the flavon
yield decreases to the point that its decays become irrelevant for BBN. For TR = 109 GeV,
this upper boundary occurs for ⇤ > M

P

. The detailed shape of the exclusion regions for
m�  100 GeV correspond to the interplay of multiple observables, with the lower ⇤ (i.e.,
lower ⌧�) constraints dominated by p $ n interconversion and the larger values excluded
by hadrodissociation processes. For TR = 103 GeV to 104 GeV the situation is qualitatively
the same, as can be seen in the right panel of Figure 2(a). A new feature for these lower
reheat temperatures is an intermediate range of ⇤ ⇠ 1014 GeV for which the flavon yield
is already low enough to avoid the limits from p $ n interconversion processes, while its
lifetime is short enough that the constraints from hadrodissociation do not apply, resulting
in a channel of allowed parameter space.

If the reheating temperature exceeds the freeze out temperature, Equation (8), the flavon
could enter thermal equilibrium at some stage of the cosmological evolution and might
dominate the energy density of the universe at later times when it becomes nonrelativistic.
In this case, we require T� > T

BBN

in order to prevent the early stages of BBN from
proceeding during a matter dominated epoch.

The exclusion bounds shown in Figure 2 depend on the choice of FN charges n
u/d
ij and

the associated order one coe�cients y
u/d
ij . For natural models realizing the FN mecha-

nism, the variations in the flavon couplings are of order one (see Appendix A). Thus, the
model-dependence of the bounds is typically at most of the same order as the theoreti-
cal uncertainties discussed in Section III. We verify that the two example choices of FN
charges (FN charges 1) and (FN charges 2) result in exclusion bounds which di↵er by a fac-
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FIG. 2. Big Bang Nucleosynthesis constraints on late time flavon decays in the (m�,⇤) plane. In
(a) the light blue (gray, olive) shaded areas correspond to regions in the parameter space excluded
for TR = 105GeV (107GeV, 109GeV). In (b) the limits are shown for TR = 103GeV and 104GeV
as green and red shaded areas, respectively.

In the left panel of Figure 2 we show the BBN constraints on the (m�,⇤) plane for
several values of the reheating temperature from TR = 105 to 109 GeV. For a given m�,
the BBN limits exclude a window of ⇤ starting where the flavon lifetime corresponds to the
onset of BBN, ⌧� & 0.1 � 1 sec and ending when ⇤ becomes large enough that the flavon
yield decreases to the point that its decays become irrelevant for BBN. For TR = 109 GeV,
this upper boundary occurs for ⇤ > M

P

. The detailed shape of the exclusion regions for
m�  100 GeV correspond to the interplay of multiple observables, with the lower ⇤ (i.e.,
lower ⌧�) constraints dominated by p $ n interconversion and the larger values excluded
by hadrodissociation processes. For TR = 103 GeV to 104 GeV the situation is qualitatively
the same, as can be seen in the right panel of Figure 2(a). A new feature for these lower
reheat temperatures is an intermediate range of ⇤ ⇠ 1014 GeV for which the flavon yield
is already low enough to avoid the limits from p $ n interconversion processes, while its
lifetime is short enough that the constraints from hadrodissociation do not apply, resulting
in a channel of allowed parameter space.

If the reheating temperature exceeds the freeze out temperature, Equation (8), the flavon
could enter thermal equilibrium at some stage of the cosmological evolution and might
dominate the energy density of the universe at later times when it becomes nonrelativistic.
In this case, we require T� > T

BBN

in order to prevent the early stages of BBN from
proceeding during a matter dominated epoch.

The exclusion bounds shown in Figure 2 depend on the choice of FN charges n
u/d
ij and

the associated order one coe�cients y
u/d
ij . For natural models realizing the FN mecha-

nism, the variations in the flavon couplings are of order one (see Appendix A). Thus, the
model-dependence of the bounds is typically at most of the same order as the theoreti-
cal uncertainties discussed in Section III. We verify that the two example choices of FN
charges (FN charges 1) and (FN charges 2) result in exclusion bounds which di↵er by a fac-
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❖ Constraints apply to a general class of flavor models:
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Nucleosynthesis (BBN)
❖ Earlier flavon decay,                                         ,  

changes the neutron–proton ratio

❖ Affects the 4He mass fraction

❖ Later flavon decay                          breaks 4He into deuterium:

❖   

❖ Flavons are sufficiently long-lived if                 :
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