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Compact stellar objects like supernovae and neutron stars cool by the emission of light particles
like neutrinos and axions from their very dense interiors. In this article, we study in detail the
photo-production of axions and neutrinos. We point out that this channel is an unavoidable
consequence of the existence of the anomaly-induced Wess-Zumino-Witten term and compute
the relevant cooling rates. We then perform a complementary data-driven study where the rate
of photo-production can be estimated from low-energy pion photo-production data. We however
conclude that the cooling rates induced by the photo-production of axions and neutrinos are
typically sub-dominant with respect to the main channels usually included.
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1. Introduction

Compact objects like neutron stars and the core of supernovae are mostly sustained by the
Fermi pressure of the degenerate gas of neutrons and are consequently mostly stable on their own.
The evolution of the temperature of their surface and interior offers however an opportunity to
probe SM as well as BSM physics as such media are exceptionally hot and dense. Exploiting fully
this opportunity requires the precise theoretical knowledge of the different cooling channels that
can transport the energy from the core to the exterior of the compact object, for example via the
emission of light particles like neutrinos or axions and that would help its cooling.

In this article, we propose to study the cooling produced by the collision of photons with neu-
trons and producing light particles like neutrinos or axions, the so-called photo-production channels.
Such interactions are unavoidable because of the Wess-Zumino-Witten (WZW) interactions [1-10]
which account for certain processes including anomalies that can not be generated in the usual
xPT. We will focus on two channels of interest: the axion photo-production yn — na[11] and the
photo-production of neutrinos yn — nvv [7, 12, 13], which are presented on Fig.3.

Figure 1: Feynman diagrams of the photo-production of axion (left) and neutrino (right) channels.

2. WZW lagrangian and photo-production channels

We first sketch the derivation of the WZW vertex which we will use in this paper. To generate
WZW interactions, one considers the 5-dimensional action [1, 2] which is invariant under chiral
symmetry, where the boundary is identified with our 4-dimensional spacetime, e.g.,

i

Swzw (A, U) = Nc/ Pyw, w= PO Tr (U, Uy, Uy, Uy Ur) . (1)
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Here U = UT(?,,U with U = Exp (2in?T%/ fr). n, are the pion fields with decay constant f, and
A,’s are the gauge fields. The coefficient N. = 3 is fixed by matching with QCD. Any arbitrary
subgroup of the chiral symmetry can be gauged using a trial and error method [1-6]. Meson fields
such as w can be introduced as a background vector field following the method presented in Ref. [7]
by replacing A~M = A, + By, in the effective action. Proper counter-terms need to be added to
maintain gauge invariance and conservation of vector currents. Finally (see [11, 12] for details), we
find the following interaction between the pion, the photon and w,

N, etVPo e* mo 0,70
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and a similar anomalous interaction between the photon, the Z gauge boson and the w[12]

NC 2
Lwzw D Mgzgw tan Oy e”"P FﬂvaZU + ... 3)
Notice that, similar interactions with other vector mesons are also plausible but suppressed [7].
Nucleons interact with the vector meson fields w via Lo = N (iy,0" — g Yuw* —my) N. We

will now connect those raw to the axions in section 3 and to neutrinos in section 4.

3. Photo-Production of axions

Among all the possible candidates for light degrees of freedom beyond the SM, axions or axion-
like particles are the most well-motivated. The axion emerges as the pseudo-Nambu-Goldstone
boson of a spontaneously broken U(1) symmetry [14—17] and offers a compelling solution to the
long-standing strong-C P problem [18] of the Standard Model (SM). Moreover, axions can also be a
natural dark matter candidate [19-21], address the hierarchy problem [22—24] and play a crucial role
in resolving the matter-antimatter asymmetry [25, 26] of the Universe. Compact objects provide a
very interesting mean to probe axions: Nuclear reactions inside the stellar interior such as white
dwarfs, neutron stars, supernovae, etc., are potentially powerful sources of axions, which might
result in a more efficient transport of energy than the SM neutrinos, and induce observational
changes, namely in the spectrum of neutrinos emitted during the first 10 seconds of supernovae.
This lead the authors of Ref. [27, 28] to propose the famous bound on the emissivity of axions
Q./p < 10" erg s7!g~!. The main channels of cooling contributing to Q,, are listed in Table 1.

Process Coupling Refs

NN — NNa | (Can/2fs) NysyuN 0*a [29, 30]
n"p— Na | (Can/2fs) NysyuN 0*a [31, 32]
Ny > Na | i (Cany/2)a Nysou,N FF [33, 34]
Ny — Na (k] fa) €"P7 Fy, 0pa wo+ Data | This work

Table 1: Interactions relevant for axion emission from a supernova. The coefficient « is defined in Eq. (6).

We will now study the photo-production of axions, starting from Eq.(2). A popular method to
incorporate the axion in a amplitude matrix is to take advantage of the mixing between the axion
and the pion 7o, 1 = Mppys — 6 0, Aphys (s€€ [35]). The mixing for the QCD axion is[36, 37]

QCDa
1 - C
0 = famag—my = _A Ir . )

0 _Jr
2 fumg+my Ja

while for a massive ALP it is [38—41]

M mi ma—me _ CiTfn 5)

0.0_,~—-—
e zfam%-—mgmd"'mu Ja

where we made the standard choice of rotating away the mass mixing term. Moreover, f; ~ 93
MeV is the pion decay constant. We then trade the mixing angle between axion and pion fields,
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which generates axion-photon coupling and the desired interactions of the form

K CANC
Lyyw D — €’ Fy dpawe , k=

‘We however notice that this method is intrinsically ambiguous as it contains a leftover dependence
on a non-physical parameter in the chiral rotation. This issue has been solved for the axion-photon
coupling in [38, 42] and a similar solution for the w — y — a coupling as been proposed in [43].

Thus the emissivity from photo-production of axions in the non-degenerate regime finally
simplifies to

dEy 3 *pN
QNy—>Na ~ 7E&f7(p7)nBo-7N—>Na(E7) > npg = WngN . N

and we obtain after computation the cooling rate

2 2 4
kny T? m m m
ONNG ™ 88 T 2t [l Ko () + 0o K (T)] @
a w

where K3 4 are the Bessel function of type three and four respectively. It was recently confirmed in
[44] that the WZW anomaly induced coupling v — w — a dominates the rate of the photo-production
ny — na in most of the regime of energies of interest.

However as a complementary analysis, we can use the data collected on the photo-production
of mp in energy range E, = 145 — 180 MeV [45] and in the range E, = 180 — 500 [46] to fit
the cross-section and to obtain am estimate of the cross-section of axion photo-production using
Ony—na = Qi_ﬂocrny_,n,,o. This leads to the following cooling rate

Qdata Cal0° \? 6.73
~ 1.54 T, 9
1033 cm—3s-lerg fa/GeV P15 Lo ©)

It appears that this data-driven contribution to axion emissivity dominates over the WZW term.
This cooling rate can have application for the bound on axions from supernovae and we compare
photo-production cooling rates with the rates from other processes in supernovae in fig.2.

4. Photo-Production of neutrinos

As a side of the photo-production of axion, one also can envision the photo-production of
neutrinos. Starting from Eq.(3), which allows us to integrate out the heavy vector meson w and the
Z, we obtain the effective coupling

Nc g2 g%u
4822 m2, M2

Line = ( tan QW) X e"P7 FuyNy,Nvysv. (10)

Then the cooling rate in the regime where the neutrons are degenerate can be computed [12]

48 ng Mzzv K?

5 11
S 1.2x 10 ) T form, /T <5,
Q = 48 ng M2 K2 - (11)
(2—)]7\,\/;]—‘7/21’71;5/2 e_m“//T for my/T > 5.
T



Q x 10%erg/s/cm®

Photon production of axions and neutrinos in compact objects Miguel Vanvlasselaer

10! 103 3 Belle
e Q™
—— 9n — na (Fit) —| 1044
0} === mponpa __===7
10 Tpone e 5 Beam DUmP
SO et 105 3
------ 7'p — pa "
Wt T 100
AAAAAAAAAAA 9 SN1987a (Brem+m con.)
=107
108 3 Gu ~ gn
T =45 MeV
9 T = 35 MeV
1079 wE T = 45 MeV (Lapse)
w7 T = 35 MeV (Lapse)
4 1010 v
10 T T T T T T T 101 100
30.0 325 350 375 40.0 425 450 475 50.0
mg (GeV)

T (MeV)

Figure 2: Left: comparison of the different cooling rates as a function of the temperature. Right: exclusion
region from the photo-production alone.

This cooling rate might have application for the cooling of young neutron stars with MeV tempera-
tures as we show on Fig.3 in blue bands. One displays the rates of cooling from photo-production
against the other relevant channels (mURCA[47], PBF[48], and bremsstrahlung[47, 49, 50]). We
emphasize that this rate of cooling is suppressed with respect to the rate found in [8] (pink band) by
several orders of magnitude. This discrepancy originates from the degeneracy suppression in NS.
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Figure 3: Comparison of emissivities due to the WZW term (blue) with other conventional processes like
mURCA [47], PBF [48], and v bremsstrahlung [47, 49, 50] for a 1 MeV photon (left) and for a 10 MeV
photon (right). The pink band y — vv (WZW) shows the (wrong) result of [8].

5. Summary and outlook

Going back to Fig.3, one observes that photo-production is likely to be a subleading process
in the cooling of young NS, as opposed to a claim made in [8]. The reason of the difference is
that [8] overlooked degeneracy suppression. Fig.2 implies similar conclusions for the emission
of axions in the supernovae, where it is likely that axion-photo-production is subdominant against

bremsstrahlung.
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The gauged WZW contains however a zoo of interactions which has been only explored in a
limited amount of phenomenological works[7, 8, 11-13], and certainly deserves further exploration.
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