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New Constraint on Primordial Lepton Flavor Asymmetries
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A chiral chemical potential present in the early Universe can source helical hypermagnetic fields through
the chiral plasma instability. If these hypermagnetic fields survive until the electroweak phase transition,
they source a contribution to the baryon asymmetry of the Universe. In this Letter, we demonstrate that
lepton flavor asymmetries above |u|/T ~9 x 107 trigger this mechanism even for vanishing total lepton
number. This excludes the possibility of such large lepton flavor asymmetries present at temperatures above

10° GeV, setting a constraint which is about 2 orders of magnitude stronger than the current CMB and

BBN limits.
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Introduction.—The observed baryon-to-photon ratio
nys = ny/n, = (6.12 £0.04) x 107'9 [1,2], together with
the baryon-plus-lepton number (B + L) violating sphaleron
processes in the standard model (SM), constrains the baryon
and lepton number asymmetries in the thermal plasma of
the early Universe at temperatures above the electroweak
phase transition (EWPT) to |ug_,|/T < 107°. The lepton
flavor asymmetries (LFAs), carrying charge A,=B/3—L,
with a=e, p, 7, could, however, be much larger
as long as an (approximate) B — L symmetry insures
| > #a,/T| < 107°. Taking into account neutrino oscilla-
tions which become efficient just before the onset of
big bang nucleosynthesis (BBN), the constraint on the
asymmetry in the electron neutrinos at the time of BBN,
#a,/Tylgeny = —0.001 £ 0.016 [3], merely limits such pri-
mordial LFASs to |y |/T, < 0.12(1.0)g, ((T)/g25N for the
two values for the neutrino mixing angle sin? 6,5 = 0 and
0.04 considered in Refs. [4-6]. Here g, ; accounts for the
number of relativistic degrees of freedom at different
temperatures. The resulting contribution to extra radiation
is at most around AN ~ 0.05. These bounds are consid-
erably weaker than in the case of significant B — L
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violation, pp_; ~pus , for which the bounds on the
electron-flavor asymmetry at BBN apply to all primordial
LFAs [5,7-9] (see Refs. [3,10] for a review and, e.g.,
[8,9,11,12] for CMB constraints).

The possibility of such large LFAs has recently received
renewed attention, in particular as a possibility to explain
the baryon asymmetry of our Universe through leptoflavor-
genesis [13] (see also Refs. [14—19] for related works) and
as a possible explanation for the recently observed helium
anomaly [8,20], indicating a smaller value for primordial
helium-4 abundance compared to the standard BBN
prediction (see, e.g., [4,16,21] for earlier works). Lepton
(flavor) asymmetries have moreover been considered to
ameliorate the Hubble tension [22] and improve the overall
fit to cosmological data [23]. See, e.g., [13,16,18,19,24-33]
for models generating large lepton (flavor) asymmetries
and their implications for baryogenesis.

In this Letter, we derive a new constraint on LFAs
present in the early Universe above a temperature of
10% GeV, which is significantly stronger than existing
constraints except for the special case of an (approximate)
u + = symmetry. This new constraint will, in particular, rule
out tauphobic leptoflavorgenesis from p asymmetry and
will equally rule out primordial LFAs (generated at
T > 10° GeV) as a possible explanation to the helium
anomaly. The essence of this new constraint is the obser-
vation that LFAs can trigger a chiral plasma instability
(CPI) which sources helical hypermagnetic fields [34] (see
also [35-37]). These helical magnetic fields survive until
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the EWPT, at which their conversion into electromagnetic
fields sources a contribution to the baryon asymmetry of
the Universe [38—40]. Avoiding overproduction of the
baryon asymmetry places an upper bound on the LFAs.
Thus, in a similar spirit that nonperturbative SU(2),
processes (sphalerons) together with the observed baryon
asymmetry set a constraint on L and B — L asymmetries,
we point out that nonperturbative U(1), processes (CPI)
constrain lepton flavor asymmetries.

Chiral plasma instability.—Hypermagnetic fields in the
thermal plasma of the early Universe can be described by
chiral magnetohydrodynamics (MHD) [41],

oB

0;7 OIVXBY—JY', (1)

where 7 denotes conformal time and
2ay
Jy =oy(Ey +v x By) +7ﬂY,SBY~ (2)

Here oy ~ 10°T denotes the conductivity of the thermal
plasma, v is the fluid velocity, ay is the hypercharge
fine structure constant of the hypercharge gauge group
U(1)y and puy 5 is the chiral chemical potential associated
with U(1)y,

Hys = ZfiQiY%ﬂi, 3)
i

where ¢; = +1 denotes right- and left-handed particles, g;
is the multiplicity, and Y; is the hypercharge of the SM
particle species i. The second term in Eq. (2), referred to as
the chiral magnetic effect [42—45], is the origin of the chiral
plasma instability [34]. It will prove convenient to express
Eq. (1) in terms of the helicity stored in the hypermagnetic
fields and the chiral chemical potential [46,47],

where h; and pp, are the Fourier components of the
hypermagnetic helicity and energy density, respectively,
and the fluid velocity has been neglected. Combining these
two equations, all modes k < kcp; = ay|uys|/n become
tachyonically unstable, leading to the generation of helical
hypermagnetic fields with a typical length scale of 1/kcp;
seeded by thermal fluctuations. The fastest growing mode
is k~kcp/2 and the timescale of its growth can be
estimated as #cp; ~ 20y/ k%PI, indicating that the CPI
becomes effective at [48]

102\2 [/ ay \2 10T\ [ pys/T \2
Tep~10° GeV | — ! L
cI ¢ (g*> (0.01> <ay ><2x10—3

This analytical estimate is in good agreement with the
numerical MHD simulations presented in [36].

We expect that thermal fluctuations provide initial seeds
of hypermagnetic helicity of order h; ~ T*(k/T)3/k for
k < T, where (k/T)? represents the suppression at the tail
of the Bose-Einstein distribution. This should be amplified
to O(T?|uy’s|/ay) to complete the CPI, as we will see
shortly, where x}'s denotes the value of the chiral chemical
potential at the onset of the CPI. Focusing on the fastest
growing mode, we estimate the timescale of the completion
of the CPI to be ncpy * Ina*(T/uils)? ~ O(10)ncpr. The
chiral plasma instability ends once py 5 ~ 0, i.e., when the
chiral asymmetry in the plasma has been converted to
helical magnetic fields. (In practice, it suffices that
luy.s| < 1073 to end the CPI, since this pushes Tcp; below
the equilibration temperature of the electron Yukawa,
which will efficiently complete the erasure of uys as
discussed below.) At the final stages of the CPI the effect
of the velocity fields can no longer be neglected, but the
main conclusions drawn above remain valid [36].

Conserved charges in the SM plasma.—Besides the four
well-known conserved charges of the SM above the
electroweak phase transition (hypercharge and the three
flavored B — L charges A,) the SM plasma in the early
Universe also features approximately conserved charges
whenever Yukawa couplings or nonperturbative sphaleron
processes are not efficient enough to keep up with the
expansion rate of the Universe. At any given temperatures,
approximating the SM interactions to be either inefficient
or equilibrated, the chiral chemical potential (3) can be
expressed as a linear combination of the respective con-
served charges, with all other SM chemical potentials
entering Eq. (3) expressed in terms of these conserved
charges [49].

Our main focus in this Letter will be on the temperature
regime 10° GeV > T > 10° GeV, where the weak and
strong sphaleron process as well as all Yukawa couplings
of the second and third generation are efficient. The
Yukawa couplings of the first generation quarks, as well
as the electron Yukawa coupling and the off-diagonal
down-strange quark Yukawa coupling remain inefficient,
conserving the charges associated with u,_4, p,., and
Hop,—B,—B,- Solving the system of linear equations for all
chemical potentials including the equilibrated SM inter-
actions as constraint equations (see Refs. [49,50] for
details) yields

Tcp

(6)
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for 10° GeV = T > 10° GeV. Here the bar indicates that
we have summed over the three color degrees of freedom of
the u — d charge and u A, = Ha, +Ha - In the remainder of
this Letter we will for simplicity assume initial conditions
with pi = i =0 and Y, s, = 0. Equation (7) dem-
onstrates that a B — L flavor asymmetry generically gen-
erates a nonvanishing value for the chiral chemical
potential py s at 10° GeV 2 T 2 10° GeV.

As described above, such a nonzero uy 5 can trigger a
CPI which drives uy 5 to zero, at the cost of generating a
fermion asymmetry as well as generating helical hyper-
magnetic fields. The equations for the individual fermion
currents J are dictated by the chiral anomaly,

a
0/4]’: = €igin27YEyBy + ey (8)

where the dots indicate the SM Yukawa interaction and
sphaleron processes and the zero component of the current
is determined by the corresponding chemical potential,
g; = i;T?/6. Given that in the temperature range of
interest, these do not affect the e and u — d currents, the
charge associated with the linear combination u, — ji,,_; =
0 is preserved throughout the CPI. Together with setting
Uy s = 0 at the completion of the CPI in Eq. (7), we obtain

850p. _
537 T
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right after the CPI has completed. The conservation law for
the total helicity density, derived from the chiral anomaly
equation, then dictates the generation of helicity density

zT? zT?
h=—-—p,=—5—Hya

72179 ..
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where y, and ji,,_; = p, denote the asymmetry in the right-
handed electrons and first generation quarks after the CPI
and we have assumed zero initial net helicity.

When the temperature drops below 10° GeV, the first
generation quark Yukawa couplings equilibrate and j,,_, is
no longer associated with a conserved charge. Equation (7)
is replaced by

5 Ha,

prs _ Tllp,

4
— ook LT (11)
T 4817

137 37T

which, when compared to Eq. (9) and taking into account
Ha,.. = —Ha,» only marginally modifies the final value for
1, and hence the helicity if the CPI occurs in this tempera-
ture range. At 10° GeV the electron Yukawa interaction
equilibrates [51], u, becomes a function of y, , and py s
vanishes independent of the initial values for u, . Hence the
CPI can only be triggered above the electron Yukawa
equilibration temperature of about 10° GeV. Taking into

account the discussion below Eq. (6), this means that the
CPI should become effective at a temperature above
O(10%) GeV in order to complete by the time
of T = 0O(10°) GeV.

For completeness, we note that in the temperature regime
10" GeV > T > 10° GeV, when the muon Yukawa and
some of the second and third generation quark Yukawa
couplings are not equilibrated, the analog of Eq. (9) reads

uys _ 1765pu,

1884a,., 88 Ha,
T 589 T

580 T 589 T’

with coefficients that are numerically again quite similar to
Eq. (9). Note, however, that since only the third generation
lepton Yukawa coupling is in equilibrium, ¢ 4+ 7 symmetric
LFAs yield a nonvanishing py s whereas the e + y sym-
metric case does not.

Baryogenesis from decaying helical magnetic fields.—If
this helicity survives until the EWPT, then the conversion
of hypermagnetic field to electromagnetic field generates a
baryon asymmetry [40],

0
0 _ dec@ﬁ Yx.s 12
Mg Cp 27[”}/ <gi\§pt>' ( )
ewpt

Here, g‘jﬁs /g5 =~0.04 denotes the ratio of the degrees of
freedom in the thermal plasma at the EWPT and
today, n, = 2¢(3)T?/x* is the photon number density
and c°¢ ~ (.05 parametrizes the efficiency of baryogenesis
from decaying hypermagnetic fields at the EWPT [50,52].
Given current uncertainties on the dynamics of the EWPT,
¢4 may vary by almost three orders of magnitude [40,53].
This does, however, not change the conclusion that any
value [py%s|/T 2 10 which is sufficient to trigger (and
complete) the CPI before the equilibration of the electron
Yukawa interaction, see Eq. (6), will lead to an baryon
asymmetry which is orders of magnitude above the
observed value of 7% ~ 107, This can be seen immedi-
ately by inserting Eq. (10) into Eq. (12). (LFAs can also
directly generate a baryon asymmetry during sphaleron
decoupling, see, e.g., [13-17]. This contribution is
expected to be significantly smaller than the one obtained
from Eq. (12) and does not change our conclusions.)
Moreover, our conclusions hold even if the electro-
weak phase transition is first-order due to beyond-the-
SM effects, in which case the efficiency factor ¢4 would
be larger [39].

Such large values of the chiral chemical potential, and
consequently large values of the helicity density, also ensure
that the turbulent regime of MHD is reached, triggering a so-
called cascade pushing the helicity to larger length scales
and thus protecting it from magnetic diffusion operating at
small scales [41,54,55]. An estimate of the kinetic and
magnetic Reynolds numbers returns values much larger than
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unity, indicating that a helicity generated at 10° GeV > T >
10° GeV should indeed survive until the EWPT.

Constraints on LFAs.—From the discussion above we
conclude that lepton flavor asymmetries u, which are
large enough to generate a chiral chemical potential py s
that triggers and completes the CPI before the equilibration
of the electron Yukawa coupling are excluded since they
would overproduce the matter—antimatter asymmetry of the
Universe. Accounting for uncertainties in the determination
of the onset of the CPI we consider the parameter space in
which our estimate (6) of the CPI temperature lies above
10° GeV to be excluded. Combining Egs. (6) and (9) then
yields

<41x1073, (13)

151, _ 10 (s, s,
358 T 179 T

where we have set g, = 106.75, ay = 0.011, and oy =
50 T at 10° GeV [56,57]. Imposing B — L conservation,
this translates to

Ha, T Ha,

/]

T

T

‘”Af <87 %1077, (14)

_‘ﬂA

which is the main observation of this Letter.

To put this constraint into context, let us summarize the
assumptions in our analysis and their impact on this result.
This constraint applies to LFAs present before the onset of
the CPI, notably at temperatures of the SM thermal bath
above 10° GeV. To obtain (13) we have moreover taken all
other asymmetries, in particular the asymmetry in the right-
handed electrons and a possible helical hypermagnetic
background field to be zero at the onset of the CPL. A
violation of the latter condition will change the numerical
factors in (13) but will generically yield a comparable
bound. A notable exception to this is if the net asymmetry
stored in the fermion chemical potentials and in the helical
gauge fields vanishes, as is the case in axion inflation [58].
In this case, the CPI erases all asymmetries in the system
and the constraint (13) disappears.

To compare our result with the existing bounds in the
literature, we have to account for the entropy injection by
the decoupling of relativistic particles. Noting that 7%u /S
is preserved in an adiabatically expanding universe, with s
denoting the entropy density, we obtain

T=T, 9.5(T2)) T
where in particular ¢BBN/¢S%" ~0.1. This, in particular,
provides a bound on the LFAs which is about 2 orders of

magnitude stronger than existing bounds on primordial
lepton flavor asymmetries [4,5]. In fact, inserting us /T, =

—(ua, +1a,)/T, with |uy |/T, <1 into Eq. (7) yields

Ha,
T

, (15)

T=T,

tys < 0.5 and thus Tepp < 10'° GeV, justifying our focus
on the temperature range of 10° GeV > T > 10° GeV for
the onset of the CPI. Moreover, our constraint excludes
tauphobic leptoflavorgenesis, which considers ux, /T =
—pia,/T ~0.4 and pp /T = 0 [13,16], if the asymmetries
are generated above 10° GeV. On the other hand,
leptoflavorgenesis with a sizable tau flavor component,
pa, /T =8 x 10~3 [13,18,19] is marginally consistent
with our bound within the uncertainty that comes from
the rough estimation for the time scale of completion of
the CPI[= O(10)ncpi].

A large asymmetry in the electron flavor, —u, /T, =
#y,/T, ~0.04, has been proposed, e.g., in [8] to address the
helium anomaly. One possible implementation of this is a
significant violation of B — L after the EWPT but before
BBN, resulting in yyy/Tb ~u, [T, ~w, /T, ~0.04 at
BBN, see, e.g., [59]. Alternatively, if the LFAs are created
before the EWPT, |ug_|/T <107° together with the
equilibration of LFAs through neutrino oscillations just
before the onset of BBN, leads to a significant suppression
of the impact of LFAs on BBN and CMB observations [60].
This is particularly relevant given the relatively large
neutrino mixing angle sin®#,;3 = 0.022 [2], which leads
to an onset of the electron neutrino oscillations before
BBN. As demonstrated in [4,5], the neutrino distributions
do, however, not reach full kinetic equilibrium before
decoupling, and the resulting deviation from a Fermi-
Dirac distribution leads to nonvanishing effective values
of u /T, which impact both the light element abundances
produced during BBN as well as the surviving neutrino
radiation AN.g. Obtaining /T, ~0.04 to address the
helium anomaly, requires a primordial value of —u,, /T, =
(a, +4a,)/T, = O(1) at T~10 MeV [4.5], which is
firmly ruled out by our new constraint (14). Our constraint,
moreover, excludes the possibility that the helium anomaly is
addressed by a more moderate LFA, —u, /T, ~ 0.04, with
the onset of neutrino oscillations delayed by nonstandard
neutrino interactions [61]. We conclude that our new con-
straint (14) rules out the possibility of explaining the helium
anomaly with primordial LFAs, independent of the precise
equilibration temperature of the neutrino oscillations.

Two obvious caveats to this constraint deserve to be
mentioned. First, if the LFAs are generated only at temper-
atures below 10° GeV, the constraints derived here do not
apply. Scenarios considered in Refs. [24-33] are in this
category because they generate large lepton (flavor) asym-
metry after the electroweak phase transition. Second, in
models with ¢ 4+ 7 symmetry (in addition to the total B — L
symmetry), the chiral chemical potential py s vanishes
below 10° GeV and the constraints derived here are
evaded. Note that in this latter case the LFAs are erased
once u — 7 neutrino oscillations begin, making a solution to
the helium anomaly based on this construction challenging.
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Conclusions.—In this Letter, we point out that non-
perturbative SM processes associated with the chiral
magnetic effect in the hypercharge gauge group can be
used to set constraints on large lepton flavor asymmetries
present in the early Universe at temperatures above a
10% GeV. In the absence of a 4 + 7 symmetry, we constrain
the flavored B — L asymmetries to |u, |/T < 0.009.
These constraints are currently not limited by experimental
accuracy, but rather by theory uncertainties. A more
accurate simulation of the dynamics of the chiral plasma
instability in the regime close to the equilibration temper-
ature of the electron Yukawa interaction could potentially
improve this bound by a factor /10 by resolving the
regime where the CPI becomes relevant but is not com-
pleted before the electron Yukawa equilibrates. In this
regime, it may moreover be possible to obtain the observed
baryon asymmetry, as discussed in Ref. [48]. Further
progress may be made by dropping the approximation of
instant equilibration of the various Yukawa couplings and
instead solving the Boltzmann equations for the Yukawa
interactions once they become marginally relevant.
We hope that our work sparks future research in these
directions.

While the focus of this Letter is on constraining lepton
flavor asymmetries, the mechanism considered here also
constrains scenarios where any of the fermion asymmetries
is large, even if the asymmetry is washed out at lower
temperatures (see, e.g., [62—65]). This also includes, e.g.,
scenarios of leptoflavorgenesis that rely on large fermionic
input charges generated at very high energies. The transport
equations of the SM will redistribute the asymmetries
according to the conserved charges in the different
temperature regimes, but generically at temperatures above
105 GeV, pys is of the same order as the largest initial
fermion asymmetry (see, e.g., Ref. [49]). As discussed in
this Letter, this can trigger the CPI, generating helical
magnetic fields which can lead to an overproduction of the
baryon asymmetry.
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