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Strategy for constraining axions

Using cooling models of light stars - no exotics - just hadron matter

Using benchmarked code - results are easily
use NSCool by Dany Page)

cible with standard input (we

Consider a small sample of neutron stars with well measured temperature and good
model atomspheres

© 0 660

Only “conservative” physics is used as an input
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Master equation for cooling of compact stars

Re R,

dar’
/ncv(r, T)dv, s —/nel,(r, T)e*®dV, — 4noR*T4e*® (D
0 0

@ Urca process produce only neutrons (need a charged lepton in the final state)
n—pte+n, x> 1%, n+n—n+p+e+v.
@ Fermion bremsstrahlung both on neutrinos and axions above 7
N+N—->N+N+v+7D, N+N—N+N +a.
@ Crust bremsstrahlung (latex time cooling, but not in hadronic axion models)
e+ (AZ) s e+ (AZ)+v+D, e+ (AZ)— e+ (AZ) +a. )

@ Cooper-pair-breaking processes on neutrons and axions

[NN] = [NN] + v+, [NN] — [NN]+ +a. 3)
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Figure : Left panel: Scattering phase shifts in different channels. Right panel: Critical
temperature of superfluid phase transitions in different channels
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Start with neutrinos.

Many authors considered the case of neutrinos (Kolomeitsev and Voskresensky, Leinson
and Perez, Steiner and Reddy, Sedrakian et al ....)

The neutrino emissivity is expressed in terms of the polarization tensor of baryonic matter

Gr \? Pg
evp = —2 (ﬁ) /d4qg(w)wi§2/wg_\f{LM(%) I, (9)]6% (¢ — 2{:4;%

2w

MOW + «f\Ov\« + N\Ow + «:\Ov»
(a) (b) (o) (d)

The sum of polarization tensors contributing to the vector-current neutrino emission rate. Note that the diagrams b, ¢, and

d are specific to the superfluid systems and vanish in the unpaired state.

The result can be cast as
G*cN,
e=—VI / dwg(w)wl(w),
0

487r4

where cy = 1 for neutrons and ¢y = 0.08 for protons, Ny = 3 is the number of neutrino
flavors in the Standard Model, and

Jw) = /0 " g (@ — )i oo (w, 4) — Tiw, )] o v* + O(2)
4)

6/32



Cooling and
rotational
dynamics of
compact stars

A Sedrakian

Pair-breaking
processes on

neutrinos and
axions

Pair-breaking processes on neutrinos and axions

The vector current emissivity is given by (z = A/T)

16G2c2 v (0)v* % dyyd 7 41
o= ST 7, 10 =7 [T @ [+ (5 + 30 ) ]

121573 L VY2 777

Dependence of the integral on reduced temperature 7'/T.. Higher order corrections to the
leading order result are shown in lower panel.
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Zo Zo Zo : Zo

Figure : The two diagrams contributing to the polarization tensor of baryonic matter,
which defines the axial vector emissivity. The “normal” baryon propagators for particles
(holes) are shown by single-arrowed lines directed from left to right (right to left). The
double arrowed lines correspond to the “anomalous” propagators F' (two incoming arrows)
and Ft (two outgoing arrows).

The emissivity of this processes is given by

e}

4G2
R (0T, 1 = 7

157T3 1 1/

Note the v% scaling of the axial neutrino emissivity compared to the v‘} scaling.
Conclusion: Axial neutrino emissivity dominates the vector current emissivity
because of 12 scaling instead of v* scaling.

(2y)* Q)]
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Why do we need axions?

_ . 1 o ~
Locp =Y he(iD — mge®a) iy — 4 GGl = OéGHWG,‘;”
q

The phase can be pushed in the last term by chiral rotation wt/l = ¢ 5%/ 21/1q

_— 1 (o7 ~
Locp = E Y (iD — mg) g — ZG/waGZW — (0 — argdetM,) ?;leaGﬁw
N————
2

—11

Experimental value: § < 10 comes from neutron electric dipole moment

|d| = 0.63 x 1072 ecm

Strong CP Problem: Why @ is so small? The idea is to re-interpret the § term as a
dynamical field

2 90 1

ECP = —%éTrGé — ['CP
8

87 fa

The potential (mass term) forces the field to its minimum where 6 = 0.

©

O]

®)
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10/32



Cooling and
rotational

dynamics of Axion Bounds

compact stars

A Sedrakian [GeV] fa
Introduction 1 03 1 06 1 09 1 01 2 1 01 5
Pair-breaking

processes on

neutrinos and m kev ev
9 a '“”l '“”l '““” F“” '“” '““” F“” F"” '““l F”“l Flll F“”l Fm“ Fm“ |
axions

Axion cooling

Direct

The un-pairing searches
effect of

magnetic fields Too much

hot dark matter

Too much
cold dark matter (classic)

Dynamical e 7|___
couplin, obular clusters R N
tims-scfles (a-y-coupling) Classic Anthropic

region region
I & &

Too many Too much

events energy loss

SN 1987A (a-N-coupling)

Georg Raffelt, MPI Physics, Munich 4t Schradinger Lecture, University Vienna, 24 May 2011

(from G. Raffelt)

11/32



Cooling and
rotational
dynamics of
compact stars

A Sedrakian

Pair-breaking
processes on
neutrinos and
axions

Pair-breaking processes on neutrinos and axions

a a a a

Figure : The two diagrams contributing to the polarization tensor of baryonic matter,
which defines the axial vector emissivity. The “normal” baryon propagators for particles
(holes) are shown by single-arrowed lines directed from left to right (right to left). The
double arrowed lines correspond to the “anomalous” propagators F' (two incoming arrows)
and FT (two outgoing arrows).

The emissivity of this processes is given by

8
= [V e L= 2, (10)

e} y3
dy ——fr (2y
1 o (2y)

z=A(T)/T and fr(x) = [1 + exp(x)] ! is the Fermi distribution function. Note the
different temperature dependence of the axion emissivity compared to that of the neutrino
emissivity.
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‘We now require that the axion luminosity does not exceed the neutrino luminosity

€q [e
L <1, 11
e fRGRA(T)? an

where we set the ratio I, /I, ~ 1 and find that & ~ 73.7 (g4 = 1.25). Our bound is given
by (J. Keller and A. Sedrakian, Nucl. Phys. A, 897, 62, 2013)

fa > 7.4 x 10° GeV 0.1 MeV (12)
a . A(T) b
which translates into an upper bound on the axion mass
1010Gev A(T
ma=0.62x1073eV [ ——V ) <0.84 x 1073 eV _Am_ . 13)
2 0.1 MeV

The bound (12) can be written in terms of the critical temperature by noting that
A(T) ~3.06Tc\/1 — T/T. ~ T, in the temperature range 0.5 < 7 /T, < 1 of most
interest.

... but we can do better via full-scale cooling simulations
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Axion cooling

In analogy to neutrinos in the case of S-wave the axion emissivity is given by

Cooling and
rotational
Jfﬁ“ﬂ"ﬁl’i s ZCIZV -2 2 548 s s [~ y 2
pact st T3 o v vy T Ly, Iy =2y | dy —5—F (zvy)™, (14)
A Sedrakian 4 1 vy =1
where Cy are Peccei-Quinn charges for neutrons and protons (different 7-behaviour!)
0,5 T
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Figure : Dependence of the emissivity integrals on z = A(T)/T. The exact results are

shown by symbols, whereas the fits are shown by lines.
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Figure . Cooling tracks (redshifted surface temperature vs age) for neutron star models with masses m = 1 and
m = 1.4 (in solar units) for the cases of nonaccreted iron envelope (7 = 0) and accreted light-element envelope

(n = 1). The representative observational data includes (from left to right) the CCO in Cas A, PSR B0656+14,
Geminga, and PSR B1055-52. Each panel contains cooling tracks for various values of the axion coupling constant; the
case fy = oo (solid line) corresponds to vanishing axion coupling — i.e., purely neutrino cooling. The axion cooling
models are shown for the values f,7 = 10 (dashed), f,7 = 5 (dash-dotted), and f,7 = 2 (double-dash-dotted).

16/32



Cooling and
rotational
dynamics of
compact stars

A Sedrakian

Axion cooling

n=1

Ty K]

10

PR EETY! B A W UETT] B R RERTT BRA ¥\ 1

10 10° 10° 10 10°
t[yr]

Figure . Cooling tracks of neutron star models with masses m = 1 (dash-dotted) 1.4 (solid) and 1.8 (dashed) for
the case of an accreted light-element envelope (7 = 1) along with the measured temperature of CCO in Cas A. For each
value of mass, the upper curve corresponds to the cooling without axions, and the lower curve corresponds to axion

cooling with f,7 = 5. Note the weak dependence on the surface temperature of models on the star mass.
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Figure . Cooling tracks of neutron star models with masses m = 1 (dashed) 1.4 (solid), and 1.8 (dash-dotted) for
the case of a nonaccreted iron envelope (7 = 0). The measured temperatures of PSR B0656+14, Geminga are consistent
with neutrino cooling tracks; the uncertainty in the spin-down age of PSR B1055-52 and internal heating may account for

marginal inconsistency. The axion cooling tracks are shown for f,;7 = 10.

18/32



Cooling and
rotational
dynamics of
compact stars

A Sedrakian

Axion cooling

Axion cooling

n=0 |

4

100 100 100 100 10t 100 10

tlyr]

Tg[K]

n=1

1t 100 100 10t 10

tlyr]

Figure . Cooling tracks of neutron star models with masses m = 1 (solid) and 1.4 (dashed) for the case of a

nonaccreted iron envelope (7 = 0) and accreted envelope ( = 1) and for f,7 = 10. For each mass, the two tracks

differ by the value of the neutron PQ charge. The upper curves correspond to our standard choice |C,| = 0.04, while

the lower curves correspond to the case of enhanced axion emission with |C,| = |Cp| = 0.4.
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Unpairing effect in magnetars



@ Coherence length of Cooper pairs

h2kp
&~

> interparticle distance
Tm* A
@ Larmor radius:

R = pL

)

for H— oo Ry — 0.
@ Un-pairing sets in at a critical field H., when

R <& — Hp=

P he
20 100G, b= 1C
2mg?
@ Because Ho(r) = Hoa(p):

for H < x10” fully s-conducting

for H>2x 10" completely non-s-conducting
for 10" < H <2 x 10" partially s-conducting
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v
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The un-pairing effect of magnetic fields

Neutron ¢ and proton v condensate coupled to electromagnetism:

2
Flow) = Falo)+arll + 2ol + ¥l lof + 41’ (-nv - 2a)of + &
mp c

6F[$,4]/0¢ =0, —

2
(fihV - Z?EA) ¥ + arp + by + b >y = 0.

np

The equilibrium value of the condensate (a7 + b|)|> + b’|$|*) = 0, the two possible
(normal-superconducting) equilibrium solutions

V=0, T>T, [|Y}?= <ar+b’\¢|) T<T..

The variation of the GL functional with respect to the electromagnetic vector potential
OF [, 1] /6A = 0 gives

c ihe 462
- VXV XA=—— (* Vi) — V") — — |¢]*(Aem + 2Aent) =]
T m mc

The new aspect is the entrainment current < Aene X V ¢b.



The un-pairing effect of magnetic fields

Cooling and For H — H., we have 1y — 0 is small, therefore, linearize
rotational

dynamics of 2
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v XAenl = 07

except at the singular points where the neutron vortices are located. Therefore,

A — Aenm
Consider the geometry
The un-pairing
effect of
magnetic fields B || Z, Aem = Bx || Y, ’Lﬁ = ’LZJ(X)

The GL equation becomes

472 4m,
— o B = =2 (ar +0[07) ¥+ O(1wP).
: :

Solution in analogy to the harmonic oscillator:
4myp A 1\ 4B
f?(a7+b|¢>|>_ n+5 By
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The un-pairing effect of magnetic fields

We are interested in the strongest field for which solutions with v # 0 are still possible,
then case n = 0 corresponds B = H,;.

Oy [ 4mp o Lo 15']|6)? i) h
Ho = -2|- +b =20 Iy , -
: 27 [ n? (om‘ 191 ) 2mel al7| (mpla) 2¢,

The correction comes from Cooper-pair — Cooper pair scattering (from Alford, Good,
Reddy, 2005)

Vo g |b] o |b'| 277 n2 A2
ar mpy |b|’ m bl 8 v HAH mPka.
np/nyg  kep Ay m;/mp & or K He

0.140 0.12 0.02 0.93 76.1 9292 122  0.06
0.300 020 0.24 0.89 11.9 4250 356 273
0.700 036 0.76 0.81 7.8 161.1 20.6 6.25
0900 044 0.85 0.78 8.7 1195 13.7 4.5
1.300 0.58 0.81 0.74 13.0 75.2 5.8 2.01
1.700 0.74 0.62 0.70 22.8 51.2 22 0.64
1.900 0.81 045 0.68 35.0 443 13 0.27
2.100 0.88 0.16 0.67 1064  39.2 0.4 0.03
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|
00 1
nb/no

Figul‘e : This H, takes into account the coupling the background neutron fluid in the
framework of Ginzburg-Landau theory which gives 20% correction.
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gem

P10

Left panel: 1.4M star internal structure with proton superconductor (shaded) core; right
panel: the same for maximum mass star.
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The un-pairing effect of magnetic fields

H,, 10 Gl
=4

1 S T S AR VA
045 05 055 06 065 07 075 08 08 09

R

eF

Dependence of H,, on internal radius for (a) 1.4 M, R = 13.85 km star and (b)
maximum-mass 2.67M s, R = 11.99 km star. The crust core interface (vertical dashed
line) is located at 11.43 km for the first star and at 11.25 km for the second. The maximal
value of Hc2 in each model is attained at the crust-core interface. and is indicated by the
horizontal dash-dotted line; the values of the corresponding surface fields are shown in the
plot
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Dynamical coupling time-scales
Low-field pulsars

electrons + proton — flux — tubes + neutron — vorticity

strongly coupled

Scattering is electromagnetic Core is slowly responding to glitches producing part of
post-glitch relaxation.

High-field pulsars

electrons + proton — plasma +neutron — vorticity

strongly coupled

Strong force is at work (Sedrakian, Phys. Rev. D 58, 021301(R)).

Scattering of proton quasiparticles in the continuum off the cores of neutron vortices
strongly temperature dependent

30/32
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Cooling and If protons are normal they couple to the neu-
rotational ¢ siparticles in th s of ¢
A —— ron quasiparticles in the cores of neutron
compact stars vortices via the strong force:
A Sedrakian )
_ T
= 1381xay (ﬂ> .
Hp/ &1
50
_S2 hodo
X ¢ T *e2 10
my&r dQ
Microscopic times-scales are of order of sec.
*
o
n = )
Dynamical TRy
coupling
time-scales Drag-to-lift ratio and dynamical coupling
time X
n L n 1 —1
¢ = =T m=_o(ctc).
PnWo 2Q7, ny 20

Our calculation indicates that magnetar cores, if unpaired, are coupled to the charged
plasma of the star of dynamical coupling timescales of order of minutes at most.
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