Axion driven cosmic magneto-genesis during the QCD crossover
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We propose a mechanism for the generation of a magnetic field in the early universe during QCD
crossover assuming that dark matter is made of QCD axions. Thermoelectric fields arise at pressure
gradients in the primordial plasma due to the difference in charge, energy density and equation of
state between the quark and lepton components. The axion field is coupled to the EM field and, when
its spatial gradient is misaligned with the thermoelectric field, an electric current is driven. Due to
the finite resistivity of the plasma an electric field appears that is generally rotational. For a QCD
axion mass consistent with observational constraints and a conventional efficiency for turbulent
dynamo amplification - driven by the same pressure gradients responsible for the thermoelectric
fields - a magnetic field is generated on subhorizon scales. After significant Alfvénic unwinding it
reaches a present day strength B ~ 107 G on a characteristic scale Lg ~ 20 pc. The resulting
combination of BL}3/2 is significantly stronger than in the astrophysical scenario, providing a clear
test for the cosmological origin of the field through gamma-ray observations of distant blazars. The
amplitude of the pressure gradients may be inferred from the detection of concomitant gravitational

waves, while several experiments are underway to confirm or rule out the existence of axions.

Magnetic fields are a ubiquitous feature of astrophysi-
cal plasmas and may plausibly have originated from pri-
mordial seed fields [1]. In fact turbulent dynamo can effi-
ciently amplify tiny, i.e. dynamically negligible, magnetic
seeds at an exponential rate [2, 3], a result supported by
laboratory experiments [4-6]. Initial seeds are, neverthe-
less, nontrivial to generate in a perfectly conducting as-
trophysical plasma. Viable mechanisms proposed earlier
include Compton drag [7, 8] or the ‘Biermann battery’,
both at cosmic shocks and ionisation fronts [9-11], and
speculative processes in the early universe [12]. In ad-
dition for most astronomical systems — from compact
objects like stars to the interstellar medium of galax-
ies — the time scale of the turbulent dynamo (in the
regime when the magnetic field is dynamically impor-
tant) is much shorter than the age of the universe and,
in agreement with astronomical observations, the growth
of magnetic energy saturates as it reaches approximate
equipartition with the turbulent kinetic energy. This pic-
ture for the turbulent dynamo origin of magnetic field ap-
pears to continue to hold even in galaxy clusters, where
the scale of the turbulence is much greater and conse-
quently the dynamo remains unsaturated [13, 14].

However, recent analysis of gamma-ray spectra of dis-
tant blazars suggest the presence of a magnetic field ex-
ceeding 10718 — 10715 G in cosmic voids [15-17] where
the turbulent dynamo is unlikely to operate. The only vi-
able astrophysical mechanism for the generation of such
fields is based on return currents induced by cosmic-rays
escaping from young galaxies and streaming in the high
resistivity, non-uniform intergalactic plasma, just prior
to reionisation [18-20]. This mechanism cannot how-
ever generate a field stronger than ~ 10717 — 10716 G,
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while the rather conservative lower limit of 10~!® G from
current blazar observations [21] is likely to improve sig-
nificantly when the Cherenkov Telescope Array begins
operations [22]. It is of interest, therefore, to explore
alternative scenarios of cosmic magnetogenesis.

The early universe provides perhaps the only alterna-
tive scenario for the generation of magnetic fields in cos-
mic voids. The quantum-chromodynamic (QCD) transi-
tion which occurs at tqep ~ 107° s, Taep ~ 150 MeV,
when free quarks and gluons are confined into hadrons,
is particularly interesting as thermoelectric fields arise at
pressure gradients as a result of the different charge den-
sity, energy density and equation of state of the quark
and lepton components [23]. It was previously thought
that the confinement process involves a first-order phase
transition resulting in hadronic bubbles that nucleate and
collide producing shock waves throughout the primor-
dial plasma [24, 25]. Under these conditions the ther-
moelectric field would have a rotational component and,
analogous to the case of the ‘Biermann battery’, gen-
erate a magnetic field [23, 26]. However, it has sub-
sequently been realised via realistic lattice simulations
that the confinement of hadrons does not involve a phase
transition but is just a smooth crossover without forma-
tion of shocks [27, 28]. The fluid remains barotropic and
the thermoelectric field irrotational. However the latter
may still generate a magnetic field [29] by interacting
with a pseudo-scalar axion field [30], which couples to
the electro-magnetic (EM) field via the Primakoff mech-
anism. This is the scenario we consider in this paper,
assuming that dark matter in fact consists of axions.

The axion (a) is the pseudo Nambu-Goldstone boson
of the broken U(1) Peccei-Quinn symmetry [31] which
was introduced to explain the absence of CP viola-
tion in strong interactions [32, 33]. It acquires a mass
mg =~ 6 peV(102GeV/f,) at temperatures below the
QCD scale through mixing with the 7% and 1 mesons.
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Here f, is the axion decay constant, related to the vac-
uum expectation value v, that breaks the Peccei-Quinn
symmetry as f, = v,/N, where N characterises the
colour anomaly of U(l)pq and equals 6 for the origi-
nal Weinberg-Wilczek-Peccei-Quinn axion model. When
cosmological inflation occurs after the Peccei-Quinn sym-
metry breaking, the axion field is homogenised over the
observable universe [34]. When the temperature drops to
the QCD scale the axion field acquires a mass and starts
oscillating on a scale A, = 2m/m,. The energy density
of these oscillations is of order the critical density of the
universe for f, ~ 10'2 GeV, hence the “invisible axion”
is a well-motivated candidate for the dark matter [35-
37]. The axion mass effectively sets in at T ~ 1 GeV
(t ~2x1077 s) due to non-perturbative QCD instantons
which turn on sharply as the temperature drops, hence
from then onwards the axion field oscillates around a con-
stant value [37]. Accordingly, the axion field evolves as
a(R) = (20%)"/2/R?/*m, [38], with p%,; = 9.6 x 10712
eV* the comoving dark matter density [39] (hereafter we
use natural units i = ¢ = kg = 1), and R the scale
factor of the universe normalized to unity at the present
time [40].

The axion coupling to the EM field is commonly de-
scribed through a Lagrangian term L,y = —goE - Ba,
where goy = af/nf, = & x 107%2(my/meV) eV is
the axion-photon coupling, « is the fine structure con-
stant, £ ~ 2 depending on the specific axion model con-
sidered [41], and E, B are the electric and magnetic
field, respectively. With the addition of the above La-
grangian term, Maxwell’s equations in comoving coordi-
nates read [29, 42]:

V-E=p+ =B Va, (1)
V-B=0, (2)
VxB:J—l—R%—?—l— (3)
% ExVa—RB(%—%%a) ,
VXE:—R%—?, (4)

where p and J are the charge and current density, re-
spectively, and all variables are in comoving units. In
particular the E and B fields are subtracted off the re-
spective components arising from Hubble expansion.

As mentioned already, a thermoelectric field arises at
pressure gradients in the primordial plasma due to a
slight asymmetry in the charge, energy density and equa-
tion of state of the quark and leptonic components. Thus
the strength of the field is only a fraction e ~ 0.1 of the
usual baroclinic term [23]. Hence, in the absence of a
magnetic field, Ohm’s law in comoving units reads

VP
E=n,J—c¢ oot (5)
where 1, = me?/RT [43] is the comoving plasma resistiv-
ity (for T'> 1 MeV), P = 7Tn?g* R*T* /720 the comoving

pressure with g* the number of relativistic degrees of free-
dom, n = 3((3)g*R3T3/4n? the comoving density with
¢ the Riemann zeta function (and ¢(3) = 1.2). We no-
tice that while ¢g* can vary up to an order of magnitude
near the QCD crossover, the electric field remains insen-
sitive to its value. Taking again the magnetic field to be
initially zero, Ampere’s equation yields

Ja
J =~ _R372 (E x Va). (6)

Substituting the above into Ohm’s law (5) we find an
electric field
AA-H)+AxH+H

E=—
1+ A2 ’

(7)

where,

g2 _ P

R3/2Va, H=c¢ o (8)
Using A, as the characteristic scale length of the axion
field, we can determine A (with £ = 2):

-A:Wp
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(9)
Thus, the electric field is dominated by the thermoelec-
tric term, H. When A = 0, the curl of the electric field
describes the generation of magnetic field via the usual
baroclinic mechanism. This, however, vanishes in the
present context as the fluid remains barotropic during
the QCD crossover. The thermoelectric field plays nev-
ertheless an important role. Inspection of Egs.(6) and
(7) shows that, provided the axion field gradient and the
thermoelectric field are not exactly aligned, an electric
current is driven in the primordial plasma through their
interaction. Owing to the finite resistivity of the plasma
the current has an associated electric field, which gives
rise to the new terms in Eq.(7). Unlike the simple ther-
moelectric term this resistive field has in general a 710-
tational component. In view of the smallness of A the
rotational electric field is simply the cross product A x H.
This process generates a magnetic seed of strength
AHtqep ~ 0.1 uG. However, the same pressure gradi-
ents giving rise to the thermoelectric fields will generally
drive large scale plasma motion initiating a turbulent cas-
cade. This can lead to significant amplification of the
initial seed by turbulent dynamo action. The amplitude
of the pressure fluctuations is potentially observable via
the detection of the associated emission of gravitational
waves [44]. Nevertheless, detailed studies of the QCD
crossover on the lattice are consistent with expectations
from the phenomenological hadron resonance gas model
in which fluctuations in the thermodynamic properties of
order ~ 1/,/g, arise on all scales up to the horizon [45-
47]. This implies fluctuations, § P/ P, of similar order in
the pressure of the hadronic plasma which in turn induce
velocity fluctuations of strength du/cs ~ 1/,/g, where

s = 1/\/§ is the sound speed.




We expect such velocity fluctuations to stir up a tur-
bulent cascade if the eddy-turnover rate is faster than
the Hubble expansion, i.e. up to a scale L, =~ duLy =~
0.1(g*/30)~Y/2 Ly, with Ly = 2tqep the particle hori-
zon at that time. Numerical simulations show that the
power spectrum of the turbulent cascade for mildly rela-
tivistic flows, i.e. with Lorentz factor I' ~ 0.4—1.7 appro-
priate for the velocity fluctuations considered here, is well
described by the classical theory of Kolmogorov [48, 49].
Since the induction equation remains unchanged in the
relativistic regime, we expect the turbulent dynamo to
operate analogously to the classical case [2, 3], as is sup-
ported by numerical studies that have started to address
such questions [48, 50]. In particular the magnetic field
is expected to grow exponentially and very quickly reach
equipartition with the turbulent kinetic energy at the
Kolmogorov scale during the initial kinematic phase, and
grow thereafter at a rate that is a fraction np of the tur-
bulent dissipation rate, eqyp ~ (1/3)%/2pdu’/L, [14, 51],
where the density is p = 72¢g*T*/30. The magnetic field
growth carries on over an e-folding time, tqcp, stalling
afterwards when the large-scale velocity field is damped
by cosmological expansion. The magnetic energy accu-
mulated in the process is thus

3/2 3 4
1 u T
Ep~ |2 —tqep ~ 0.1np 2 — 10
B (3) ﬁBPLu QCD nBm 90’ ( )

independent of g*. Since L, /du ~ 2tqcp, this is simply
a fraction 0.27p of the available kinetic energy. For an
efficiency np of order a few percent, characteristic of very
high Reynolds number flows [14, 51], the magnetic field
in comoving units is

2
Bqep =9 x 1078 _Taco_ (77_3)1/2 G, (11)
150 MeV 0.05 ’

yielding an Alfvén speed

B . s/nB 1z (g e

and a characteristic Alfvén scale, where the magnetic
energy balances the turbulent kinetic energy (assuming
again a Kolmogorov cascade):

3/2 3/2 Wy —1/2
B ~10—4 ( B ) g
Locp ~ B L, ~107* (£ Z Ly.
QP = g 0.05 (30) "
(13)

As the large scale velocity flow is damped by cosmologi-
cal expansion and the cascade dissipates, the dynamo ac-
tion stops and the magnetic field begins to unwind. This
roughly leads to a configuration in which the magnetic
field is coherent on domains of order the Alfvén scale
and uncorrelated on larger scales. As the field unwinds
the magnetic tension at the boundaries of these domains
will tend to rearrange the field at a rate determined by
the Alfvén speed in such a way as to increase its cor-
relation length, freeing magnetic energy in the process.

If the magnetic field is frozen in the plasma, the cor-
relation length will simultaneously increase due to cos-
mological expansion. The growth of the magnetic field
correlation length can thus be described by the following
equation [52] conveniently cast in comoving form

d LB VA

dt R R’ (14)
The release of magnetic energy associated with the re-
alignment of randomly oriented domains of coherent field
is governed by conservation of magnetic flux. This as-
sumption is justified below where it is found that effects
due to finite resistivity of the plasma may safely be ne-
glected. For a magnetic field B correlated up to a scale
Lp, conservation of magnetic flux from randomly super-
posed magnetic bundles through a surface enclosed by
a material line of size L > Lp, implies BL? < L/Lg.
Furthermore, if the plasma in which the field is frozen is
subject to cosmological expansion, L < R, one has

R
2
BR* x I, (15)
so that a comoving magnetic field will decay during cos-
mic expansion if its correlation length, L, grows faster
than the scale factor [52]. This description for the cou-
pled evolution of B and Lp for a decaying non-helical
turbulent magnetic field based on Eqgs.(14) and (15) ap-
pears to really capture the essential physics despite its
simplicity. In fact, ignoring for a moment the effect of
cosmic expansion (i.e. setting R,p = const), Eq. (15)
implies the constancy of the magnetic Lundquist number,
Luy < vaLlp o< BLg. Thus va « 1/Lp and substitut-
ing into Eq.(15) and solving we find Lp oc t'/2. This re-
sult and the constancy of Luy; are indeed fully consistent
with results from numerical simulations of decaying non-
helical magnetic fields in incompressible turbulent flows,
both in the classical [53] and relativistic regime [54].
Apart from the effect of cosmic expansion, the evolu-
tion of Lp depends on the Alfvén speed, va = BA/p.
During the radiation dominated era the energy density
p ~ praq decreases as R~*. Thus taking into account
Eq.(15), the Alfvén speed evolves as

va R LQCD

vqcp  Rqep Le (16)
Substituting this into Eq. (14) and integrating (ana-
lytically) shows that indeed magnetic tension causes a
growth of the correlation length, Ly oc R3/2, significantly
faster than the Hubble expansion alone (o< R). This so-
lution remains valid until the photon mean free path for
Thomson scattering, ¢t = 1/orn. x R3, with or the
Thomson cross section and n, the number density of free
electrons/positrons, becomes larger than Lp. For the
parameters describing our problem this transition takes
place around Rt ~ 4 x 1077(1/0.05)%/3. At this point
radiation drag, Fumag = pvr/{r, effectively inhibits the
plasma motions induced by magnetic tension, B%/Lg,



and the unwinding of the field lines proceed at the much
slower terminal speed [55]

14
v = vii. (17)

This situation persists beyond the epoch of radiation-
matter energy density equality until shortly after the
(re)combination era, Ry ~ 1073, when neutral hydro-
gen forms and the fraction of free electrons drops dra-
matically to z. ~ 2.3 x 1074, causing an increase in the
photon mean free path by a factor z;!. The evolution
equation for the correlation length (15) with va prop-
erly replaced by vt can again be integrated analytically,

resulting in a correlation length at recombination

1
8 s (B (97 °

chc x5 trcc trcc ~ 10 3 ( ) an ) 18
3 (trec) 005)\30) P (18

where t,o. is the time at recombination. The magnetic
field strength according to Eq.(15) is then

Lqcop Brec _12 [ B
Brec = B — —— =10 (—) QG. 19
¢~ PR RAcD Lrec 0.05 (19)

After recombination the baryonic fluid is no longer cou-
pled to the radiation field so that radiation drag is ineffec-
tive. In addition the inertia of the plasma is determined
by the baryonic matter alone, p, o< R™3. As a result
the Alfvén speed is boosted by a factor (Qp, /)2, the
square root of the ratio of total to baryonic matter den-
sity, and its growth with the cosmological expansion is
reduced to oc RY/2. Compared to Eq.(16) the evolution
of the Alfvén speed is therefore rescaled according to

() ) ()
VQCD Qp Rgcp Rqep Lg ~
(20
Using this expression to integrate Eq. (15) we finally find
the correlation length at present,

w\ —1/2
Lo ~ 17 va (ty) ty ~ 25 (0'05 (30) pe,  (21)
where ¢y is the Hubble time, and a magnetic field
strength

~ ~14 (1B
By ~ 5 x 10 (0'05) G. (22)

As for our assumption of the conservation of magnetic
flux, we note that the resistive scale corresponding to
Ay & 3.4 x 107°(R/Rqcp)?/? em, for T > 1 MeV [52]
(and taking Spitzer’s value in the nonrelativistic regime
at lower temperature) remains much smaller than the
magnetic field correlation length, Lz, both in the early
universe and up until reionisation, when the temperature
of the intergalactic plasma is smallest (and consequently
the resistive scale largest). Therefore the characteristic
scale of the magnetic field is not affected by this process.

The magnetic field strength in Eq.(22) depends es-
sentially on a single parameter, the assumed efficiency
of dynamo action, np. This important parameter ap-
pears to converge to a value of 0.05 (corresponding to
a mean value for time dependent flows) in the limit of
high Reynolds number flows [14, 51] and in future may
also be determined experimentally [56]. In any case
our result rests upon the assumption that the veloc-
ity perturbations generated during QCD crossover scale
as 1/4/g%, as indicated by lattice simulation studies of
this process [45-47], and possibly testable in the future
through the detection of the associated emission of grav-
itational wave (eLISA/New Gravitational Wave Obser-
vatory [67], Big Bang Observatory, TOBA [68]). The
magnetic correlation length shows an additional mild de-
pendence on (the inverse square root of) the number
of relativistic degrees of freedom of the plasma, which
can always be determined accurately numerically. The
magnetic field strength and its correlation length which
we have found are rather insensitive to the exact value
of the axion wavelength as long as A\, < Lqcp, since
the eddy-turnover time Lqgcp/du ~ 10 3tgep is sig-
nificantly shorter than the Hubble time at the QCD
crossover. This can be expressed as a constraint on the
QCD axion mass, m, > 2.5 x 1073 meV, subject to ex-
perimental tests [69] and anyway consistent with the cur-
rent estimated range 0.05-1.50 meV following from the
assumption that axions contribute between 1% and 100%
of the dark matter (in the post-inflation scenario) [57].

From the observational point of view, for any reason-
able choice of the turbulent dynamo efficiency, ng < 0.05,
the magnetic field strength is safely below the constraint
imposed by Big-bang nucleosynthesis, as well as the more
stringent limit of 107 G set by the observed CMB
anisotropy [1, 43, 58]. It is also compatible with the
upper bound of ~ 3 x 107 G set by the maximal mag-
netic pressure support compatible with the formation of
small cosmic structures [59]. Finally, the magnetic field
strength and correlation length yield the following ob-
servable combination

Bo\ (Lo \? (N (g

( G ) (kpc) ~ 10 (0.05) (30) - @
This quantity is of interest because it determines the de-
gree to which the magnetic field in voids affects observ-
able properties of the secondary cascade emission initi-
ated by multi-TeV photons from distant blazars. These
include modification of the spectral energy distribution,
broadening of the angular profile and the time-delay cor-
relation in blazar radiation at different energies. In par-
ticular, the observed absence of a GeV bump expected
in the spectra of a number of distant blazars due to the
absorption and reprocessing of their multi-TeV emission
is interpreted as evidence of a magnetic field in voids
stronger than 8 x 10716 G [21, 60, 61]. The strength
predicted by axion magnetogenesis is significantly higher
than this, in contrast to astrophysical models [18, 20].
There are other observable distinctions, e.g. in contrast

)



to astrophysical models the magnetic field generated in
our model is strong enough to cause a broadening of the

secondary cascade emission which, although presently
unobserved [62-65], should be detectable with CTA [72].
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