Axion Polariton in Magnetized Dense Quark Matter
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Why Inhomogeneous phases
at intermediate densities?



Pairing at Intermediate Densities

Chiral Condensate

EI\

It pairs particle and antiparticle with
opposite momentum (homogeneous
condensate)

Not favored with increasing
density

Cooper Pairing

Main channel pairs quarks of different flavors
with opposite momenta. Favored at very high
densities.

Suffers from Fermi surface mismatch for different
flavors leading to chromomagnetic instabilities.



Density Wave Pairing

It pairs particle and hole with opposite spin and parallel momenta
(inhomogeneous condensate)

No Fermi surface mismatch

Favored over homogeneous chiral condensate at B # 0

Favored over CS at large Nc



Basics of the MIDCDW Phase



Magnetic Dual Chiral Density Wave Model

2-flavor NJL model + QED at finite baryon density and with magnetic field B]| z

] _ _ _
L=—Fu F* +liy" (0 +iQAL) + vorlv + GL(YY¥)* + (Fitysy)?].

It favors the formation of an inhomogeneous chiral condensate

(YY) =mecosq,x*,  (Pitaysy) =msingx*,  q* =(0,0,0,q)

Mean-field Lagrangian

2
Irli : = m 1
LCyr=vliy" 0y +i1QAL) + voul¥ — mwg‘fﬁ\rﬁtfﬂ”w G 2 oy FPY
\
\ Frolov, et al PRD82,10

Tatsumi et al PLB743,'15

Complex mass term
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Chiral Transformation & Asymmetric Spectrum

Performing the chiral local transformation
: z - s 0 : qz
) — Ugth = e V37559 Y = YUp = e 737572
The MF Lagrangian acquires a constant mass term plus a y;y: term

1 2
Larr = =7 Fu P + (v (0 — induo +iQA, — imyys8uad) —mlyp — =

For A* = (0,0, Bx, 0) the corresponding fermion spectrum is

Bt = E\/Aﬁ + k2 +4q/2, e==| LLLmodeisAsymmetric

B0 = E\/(g\/ﬁﬁ +k3+q/2)2+2e|B|l, e=x,=%,1=1,2,3,...
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Energy Spectrum of the MDCDW Phase

Higher LL’s Zero LL
Eo,+
El,0',+ EO —
E=0
E;;_

El’mi:i\/E%,a +2eBl, o=+, 1=1,2,3,..

Egi = i\/k% +m?2 + q/2

A. J. Niemi, Nucl. Phys. B251(1985) 155; A. J. Niemi
and G. W.Semenoff, Phys. Reports135(1986) 99.



Axion Term

EJF & Incera, PLB’ 2017; NPB’ 2018
Key observation: the fermion measure is not invariant under U,

DYDY — (det Ua)~>DYDY| (det Ug)g? = et/ 4 50Fu F

The effective MF Lagrangian acquires an axion term:
2

_ _ , m
Lejr = Y[iV"(0, +1QA, — i73750,0) + Yopt — m|Y) — 1G n=9%
1 K ~ 2
— _F I Y 4 — g HY — €
g B A O T on2

Integrating out the fermions, we find the electromagnetic effective action in the
MDCDW model

D(A)= VQ+ [di [—iFﬁyFﬁ” + g@Fwﬁw]
— | &'z A (z)J,(2) + - -,
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Nontrivial Topology of the MDCDW Phase

Topology emerges due to the LLL spectral asymmetry & to the
axion term.

2
£2 = Qyac(B) + Qanom (B, 1) + ﬂp: (B,uw)+Qr(B,u, T)+ E
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anom (27)2 PE A2 q number density
G =32 G =3.0
0.0 joTT e
PR 1 | The anomaly makes the
: / / . .
N S MDCDW solution energetically
e | favored over the homogeneous
I G=25) o ___.f G=20
oL condensate
L
1.0 N
o || o e, Feng/EJF/Portillo PRD 101 (2020) 056012

0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 13
p 0



QED in MDCDW is Axion QED

V.E:JME—ZQB

VxB-—

Anomalous charge

/

IE/0t =J — 23q x E,

V-B=0, VxEJrﬁB/dt:O,

Anomalous Hall conductivity Dissipationless Hall current

anom
a, v

1 tobothBandE

= qu ;"4;'1'2

EJF & Incera, Phys.Lett. B769 (2017) 208; Nucl.Phys. B931 (2018) 192
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Magnetoelectricity

V-D=Jy VxH

dD

V:-B=0 V xE

ot

Jy

Anomalous
magnetization

Anomalous
polarization
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MDCDW Symmetry-Breaking Pattern

Explicit Symmetry Breaking by the Magnetic field

SU,(2) x SU4,(2) x SO(3) X R? - Uy(1) x Uy(1) x SO(2) X R3

MDCDW Single-Modulated Density Wave Ansatz
M(z) = me'?®

Spontaneous Symmetry Breaking by the Inhomogeneous Condensate

Uy(1) x Uy(1) X SO(2) X R3 - Uy(1) x SO(2) X R?
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GL Expansion

Low Energy GL Expansion of the MDCDW Free Energy

EJF & Incera, PRD‘2020

bs,
F = ayo|M = i—=[M*(B- VM) - (B- VM*)M] + ayo|M|* + ai| VM2
+a\)(B-VM*)(B- "U’M)—:b—|M| [M*(B-VM) — (B- VM*)M]|

b
‘53[(vEM*)B VM — B - VM*(V2M)] + ago|M|° + al )| M2 |VM|?

+ “6,2|M| (B-VM*)(B-VM) + ags|V*M|* +

MDCDW ansatz

M(z) = me'd: —

F = ﬂz,ﬂmg + by gm* + 54,{1”14 + 54,292"12 + bﬁ,lqm4
+ bs3g°m* + agom® + ag2q*m* + ag 4q*m?,

The b coefficients are a consequence of the asymmetry of the LLL spectrum

1 . .
The afcj), coefficients are a consequence of having an external vector
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GL Expansion

Low Energy GL Expansion of the MDCDW Free Energy

Ferrer & VI, PRD‘2020

‘:’E — alﬂlMlE — 1

b . .
—=[M*(B- VM) — (B- VM*)M] + ay o[ M|* + ay|VM|?

+ @B -VM*)(B- VW) - i%|M|2[M*(ﬁ .VM) — (B-VM*)M

sl

]

ib

_I_

23 [(V2M*)B - VM — B - VM* (V2M)] |+ ag o|M|® + ag)| M| VM|

=

+ gy |MPP(B-VM*)(B - VD) + ag 4| VM[* + - --.

MDCDW ansatz

M(z) = me'd: —

F = apom® + by qm* + agom* + a,,4°m* + bs yqm*

+ bs3g°m* + agom® + ag2q*m* + ag 4q*m?,

The b coefficients are a consequence of the asymmetry of the LLL spectrum

1 . .
The a'?) coefficients are a consequence of having an external vector

X,y



Spontaneous Breaking of Chiral & Translational Symmetries

1\71(2) = me'd? with m and q solutions of the stationary equations:

3.?':,/31‘71 = 2”1{-‘321{1 -+ 2(141[]??12 -+ 3&61{].”14
+ qz[ﬂaﬁz + 2“5,2"’12 + ﬂﬁ,dqz]
+g[bsy + 2bs ;m* + bs3g°]} =0,

0F |0q = m*{2q(a4, + ag,m* + 2a¢44°]
+ bll + ijﬂ’lE + 3:{?513@'2} = 0

(1)

1 0
) % + ag2

_ _
Q42 = Q45 + A4, 962 = Ag

¥

Symmetry is reduced to U, (1)xSO(2)xR?

Fluctuations of the condensate come from two
Goldstone Bosons: A pion and a phonon.
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Phonon Low Energy Theory

Chiral and translation transformations are locked
M(z) - e"™M(z +u(x)) = el (T+au() b1 (2)

Phonon Fluctuation Field u(x)

M(x) = M(z + u(x)) = My(2) + M{(2)u(x) + = M "()u?(x)

Low-Energy

Theory: L= 5[(8{19)2 — UE(E}EQ)E - UQL({_}LE})ZL

0 = gmu(x)

1 1
1’% = dyn+ mlﬂﬁ.l + 5@'2-‘35.4 + 3gbs 3. Fi = ay, + m?agy +2q*ag, + gbss — ﬂgg - mzﬂé.z}-

The low-energy theory is described by a generalized GL expansion of the
thermodynamic potential in powers of the order parameter and its
derivatives.
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Photon-Phonon Axion Electrodynamicat B # 0

Taking now into account the contribution of the anomalous photon-phonon
interaction EHFWF“", the axion-electrodynamic/phonon equations are:

V-E=J%+%V6,-B+4Vf B,
VxB-0E/0t=J—%(%B+ Vi x E),
V-B=0, VXE+0B/ot=0
J50 —v2070 —v1 010+ £B-E = 0
Here we assume that a linearly polarized electromagnetic wave with electric

field parallel to the background magnetic field B, propagates in the MDCDW
medium
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Linearized Field Equations

5°E 2 Kk 5%6
atg — V E I E : tg Bﬂ
820 2820 2,820 , 820\ , kK _

8t2 I.-"z_ azz t.-"J_( i '2 _BU * E - 0-

For applications to Neutron Stars, we consider that the medium is neutral. So,
we assume that there exist a background of electrons with electric charge J,
that ensures overall neutrality. Moreover, in the presence of a static and
uniform background magnetic field, the coupling between the phonon and

the photon is linear.
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Eigenmodes Energy Spectrum

The dispersion relations of the hybrid modes are

wi=A—-B, wip=A+B

with |
Y
A=<[p*+ ¢+ (5Bo)’.
2 2
1 K
B = 2\/[;02 +q* + (5 Bo)*|* — 4p*¢?,

2 _ .2 2 2,2
q = t",::’i“t),z’_i_t’J_pJ_

Axion-Polariton Mass
map = aBy/mm
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Stability against th

(M) = me'9%(cos qu)

e Fluctuations

EJF & Incera, PRD‘2020

{L‘-gg QH-} — p—((qu)*}/2

Finite! Thanks to B there are no soft
transverse modes, hence no Landau-

1 oo
qu )= 3 1K)
( 2 3} (2::) l dk  k
oo T
dk
: f-}n “m?(vIk: + vl k] + k)
T

!

m+/viv}

Peierls instability. The MDCDW phase
is stable against thermal fluctuations.

In contrast at B=0

T
2 42\~
<u q >_4ﬂ'1’3§1n(

vl

L

¢

1

)

Infrared divergent. Any finite T no
matter how small destroy the
long-range order
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Primakoft Effect as a Mechanism to Increase the Star Mass

H. Primakoff, Phys. Rev. 81 (1951) 899;
Y EJF & Incera, arXiv: 2010.02314 [hep-ph]

[l =cos0 u+sinf A,

Az = —sin@u + cos 6 Az

11/2 1/2

(X1)? — (X2)?
X1

cos @ =\/—1§[1+\/

ing = —
Sin X1

1|, _ V&)’ - ()2
V2

X; = (W — Dpz + (v —1)p? Xy = 2KBgpy
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Missing Pulsar Problem in Galactic Center & Axion Polaritons

EJF & Incera, arXiv: 2010.02314 [hep-ph]

M.\ 2 10MeV\*
Ngg( p‘*) 1.5><1046( . )
' map

Chandrasekhar limit

myp = aBy/mm = 0.8 MeV, for u=350MeV, B, =5x10%G, m =89 MeV

We find that G =29 x 104
Each GRB energy output: ~10°° MeV
Photons’ energy range: 0.1-1 MeV
Photons produced in each event: N, = 10°°

This means that if just 10™%* % of the photons reaching the core has energy > 0.8 MeV, they will
generate enough number of axion polaritons to produce the NS collapse into a black hole.
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Mass-Radius Relationship Bc=101°G

M (M)
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Summary:

* Due to an anomalous effect, the electromagnetism is modified
in the MDCDW phase of quark matter at intermediate
densities giving rise to a rotated photon and an axion polariton

* The anomalous two-photon/phonom interaction present in
the MDCDW phase, produces a new mechanism to increase

the NS mass.

Outlook:

* Needed more Measurable NS observables that can
discriminate between intermediate density candidates:

MDCDW, Quarkyonic, CS Phases. .



Nontrivial Topology of the MDCDW Phase

Topology emerges due to the LLL spectral asymmetry

2 =82pac(B) + Qanom (B, ) + 82 (B p)+Qr(B,pu, T)+ —

Pr=3~5

1.0 ;

08 [

06 -

04

02

P.'L.l...l...l."..l...

m2
4G~
|E| Anomalous baryon
qB -
A2 number density

The anomaly makes the
MDCDW solution energetically
favored over the homogeneous
condensate

Frolov, et al PRD82,'10
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