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ln =T X 109(n8/ns)/B*2fm,

B*=BJB,

R>»In,

GRMHD simulations of magnetars’
field evolution leads to several times
10'” G for B, at the core

Tsokaros, Ruiz, Shapiro, & Uryu, PRL 128, 2022

Magnetars:
Core: B<8x108G
Cardall, Prakash, and Lattimer, ApJ 554, 2001

Then, for magnetars
surface: B ~ 101°G
core B~ 10'7-10'8G

B can be considered uniform and

constant as far as effects on the EOS
Broderick, Prakash, and Lattimer, ApJ 537, 2000



Magnetic Dual Chiral Density Wave Model

2-flavor NJL model at finite baryon density and with magnetic field B z

1

L=—FuF" + YlivH (@, +iQAL) + vourl¥ + GL ) + Fitysy)?].

It favors the formation of an inhomogeneous chiral condensate

(U¥r) = Acosqux”, (Vitays¥r) = Asing,x” 4" = (0,0,0, q)

Mean-field Lagrangian

1 - | . m’
EMF - —ZF;WF#V + 1,./)[2’}’“ (0;1 - 2'/J'(Sp() + ZQA 27-3'70 p3 m]d)

Eo = e\/m2 +k2+b, e==, b=q/2, LLL mode is Asymmeftric!

El>0 \/(S A2 + k2 +q/2)2+2¢|B|l, e==+,=4,1=1,2,3,..

Frolov, et al PRD82,'10
Tatsumi et al PLB743,'15



Nonftrivial Topology of the MDCDW Phase

2
m
Q= Qyac(B) + Lanom (B, u) + Qu(B, w)+Qr(B,u, T)+ E
1 N.lefB| [+ /°° ds _ (g2
Q.= dk ———e~5(E0)
vac 4ﬁ (27‘-)2 e % 1/A2 83/28
N.|esB| Anomalous term due to the LLL spectral
Qc{nom — T (972 2bp asymmetry. It leads to anomalous baryon number
N.lefB| [T
of =St [ ak S (- B0 — )| _ +oft
— 60 £,6>0 =
NelesB|1 [+
of = — 2 dky " In (1 + e BlEe—nl
(2’”) ﬁ — 00 é’&e )
1 N, |esB| Too
Q;]:,LLL = _§ (27!')2 C de (lEO o “l T IEOl)reg ’
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Improved GL Expansion

() = Cltg,o'fn2 + ﬁ3,1bm2 -+ a4,0m4 -+ a4,2b2m2 + 55,1bm4

3...2 6 2. 4 4 2
+ B5,36°m” + ag om’ + ap206"m” + ag 4b"m”.

(
11 N
— ) qpme) [ Z 5 F
5 B, 149 1 3JeB| my! (2T)" a {( U <?H?7FT ol
0n B 1+ _ 2B
Uy 42,1 ™ 4_Gb+ Z |eB|J gt (n — 1)!! Inb+2j_2(;t,T) ﬁnb+2,nb - (Q,K)Q
j=0,2,4 J b
2/4,... 1
1,, 1, =%, s T=0,
I_g(,u,,T)=—ZA +§M +?T A Tipfl
_ 2 [ (4T 1, r
In(p, T) = 5 {ln( A )+Re[z/1(2+12ﬂT)]}
p T T T -
1 [iv2 1 1 1 .
Lso(p, T) = > (%) — o {(%—T)pRe [(—i)Pw(P) <§ +z%)]} ‘B: 15x10'8 G, 4/eB =0.15 A /,/::,:;_;:.-:
400+|T=0 - ;_’,’ - ]
% ””f”;;’
= —~ ’,"_’;/”’ exact
. . . . . T 300 == ’,f’;,”” —ots
Arbitrarily high-order coefficients can be 3 gt o
quickly calculated allowing much higher = 200f 57 e
i)
precision results than previous works 3
g 100+t
0
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Gyory and VI, arXiv: 2203.14209 "



Topology Yields Extraordinary Robustness
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e o (452

+ ﬁ5,3b3\m2 + Cl’(j’omﬁ -+ a6,2b2m4 — a6,4b4m2 -

)] T >0,

T =0,

400 450 500
[ [MeV]

Odd in b=q/2 termsl!
Come from LLL
asymmetry, so origin is
topological

All § are <O, thus LLL

topology always favors
the inhomogeneity

The inhomogenous condensate never

disappears at intermediate densities!
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Topology is Important For the Remnant Mass

6;2(0—,,:2’?) . = Q2,0+ ai(rflcl)z)m + ﬁi(fl?c),m When negative, m is nonzero
O‘i(jglm = g2 + -+ + @90,180"°
lBi(r?l?())m = PB31b+ -+ + Big17b'" Purely anomalous contribution
o B=15x10""G, T=0
0.005+

. (20)
as 0+ Q;
2,0*%inhom Beta terms

0000~ N push it down

-0.005

(20)  ~(20)

@2 0+%nhom*Binhom

-0.010

350 400 450 500

Gyory and VI, arXiv: 2203.14209 u [MeV] "



Relevance for NS
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Relevance for NS even in the Remnant Mass Region
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However,
Single modulated phases like
DCDW and the Kink Crystal
are unstable against thermal
fluctuations.
The fluctuations wash out the
long-range order at finite T!

Hidaka, Kamikado, Kanazawa & Noumi, PRD 92, 2015, 034003

Lee et al. PRD 92, 2015, 0304024
16



Topology Ensures No Landau-Peierls Instability

FM(x)] = Fo+ v:(9,0)* + v1(9.0)* + {*(976 + 976)* 0 = gmu

(M) = meid? o—((qu)?)/2

1 o0 o0 T
2.2\ __
) = e ), ks | o

— 00

12

T
y— ngi' No Landau-Peierls instability.
Stable at arbitrarily low Ts

vi =|ass + m’agsy +2q*ags|+

l \ Topology is essential for the

At B=0, this term is zero

absence of LP instability!
Ferrer and VI, PRD 102, 014010, 2020 17



T [MeV]

Fluctuations Not Relevant at NS Temperatures

(M) = meite— (@ /2 (¢u?)/2

T
 8rmy/v20?

3 4 5 6
50 T T T T T I
— 18 N
\ B=2x10"G |— Tritcal Threshold temperature
40} <q2 u2>=2 1
Tiq2u2y = Ammy/v2v? (*u®)
30/
ol Thanks to the topology
vy #0 and T 22 is
10| tens of MeV, hence the
N phase is stable against
0 . A i , .
200 250 200 50 -0, thermal fluctuations at
1 [MeV] Ts and densities relevant

for NS

Ferrer, Gyory, and VI, in preparation 18



MDCDW Satisfies NS Heat Capacity Limit Constraint

C 7\ ° E .
— >31x10%ergk ! (2 C~25x%x10% ergK'T;
Ty 7 7.5 x 104 erg

Cumming, et. Al, PRD 95, 025806, 2017

For the MDCDW

MDCDW __ lesBIN . / lge | M
Cy Z 2”)2 1; sech? T

f=ud

f
CMDCDWN Z 4|efB|N Z/ (lEl |) —IE{;I-#I/T
I&e

f=ud

47? T
CMDCDW ~—n, ks (Tp> —— CVDPCDW — CN x Vs = 0.4 x 103 erg/K

Main contribution comes from the LLL. Here once again
topology is fundamental for NS applications!

Ferrer, VI, and Sanson, PRD 103, 123013, 2%21



Isospin Asymmetric Magnetic DCDW Compatible with 2 M
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QOutlook:

* Explore the feasibility of the MDCDW for NSB mergers

* Check the MDCDW phase against Tidal Deformability
constraints. Is topology important there too?

* Compare MDCDW with color superconducting phases.
Inhomogeneous ones?

* Compatibility with new multimessenger NS observations?

21
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Nonftrivial Topology of the MDCDW Phase

Topology emerges due to the LLL spectral asymmetry

2
m
Q — Qvac(B) + Qanom(Ba y’) + Q/.L(B’ y’) + QT(Ba My T) + E
of _ _Nc|8f3|q,u A_ q le| B Anomalous baryon
anom (27)2 PB= 4727 number density
soswwie jw-osn = Ihe anomaly makes the MDCDW
5L —--——===" energetically favored over the
gooss = —s  homogeneous condensate.
é j;;:’/ :GL1O
i200— 4 GL20 |
g \/ Solution exists even at low H
Oif-‘ ‘ . / .
00 e = Condensate never disappears!

Gyory and VI, arXiv: 2203.14209 23



Region of Interest for Inhomogeneous Phases

3

Temperature T [MeV]
3

Net baryon density n/ n,
N,=0.16 fm™>
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Low Energy Theory of the DCDW Phase

Lee et al. PRD 92 (2015) 034024
B=0 | symmetry: SU(2), x SU(2); plus spatial rotations and translation

Qcr(6(z)) = ao(d-d)+asi(d-0)* + asa(Vo- Vo) + ap1(V3 - V0)
+ a62(Vo-Vo) (0 b))+ ass(d-d)’ + asa(d- Vo) + ...

Consider a general fluctuation of cos (gz + ff3) cos f cos f;
the condensate. The phonon and (A3 cos (qz + PB3) cos f, sin
the axial i?ospin ro’ra’ri:;n about the ¢ =(A+9) cos (gz + f3) sin f
third axis (neutral pion) are locked. .

There are 3 NG modes. sin(gz +f3)

Substituting ¢(z) in the free-energy and expanding in powers
of the fluctuations and their derivatives, one obtains the low-

energy theory of the fluctuations. Y, = M2 + ag ,A%(V6)?

+4ag,4°(V.8)* + ag,(V?5)%,

L = (9y0)* + A%(8pBy)* + A% DpBs)? Vg = 4qA[ag 2876 — 2a5 V28]V f,
— (Vs + Vs + Vp),

2

Vg = as1 A2 (V2By + ¢*By)

+ ag  A%[(V263)* + 44°(V B3)%). -



(Lack of) Stability of the DCDW Phase

The spectra of the pions have soft modes in the transverse directions

0 = a6, i K2 + ()] - AR - BK,

Which in turn leads fo infrared divergencies in the second order fluctuations

I [ &k T
Az(/}§(x))=§/(2ﬂ)3m%

The DCDW phase is not stable against the
thermal fluctuations of the condensate.
There is no true long-range order at
nonzero temperature

Lee et al. PRD 92 (2015) 034024 26



Magnetic DCDW Phase

B0 | Symmetry: (U(1), x U(1)z);, spatial rotation about z and translation

N (o, ) transforms as a 2-D vector under O(2) rotations

Breaking of symmetry: translation and chiral, but they are
locked like in the zero-B case.

O(x) = do(z + u(x))e’™ = AedE+uE@) ™ — ¢ ()t autm)

We can then consider only one, say the phonon u(x).

27



Weyl Semimetals

MDCDW
Described by Dirac Hamiltonian
Hf = —iy% (& + iefA; + iIZ—fly_c,B,-O) +9°m
f

Axion term in the electromagnetic
action

S = —fc/d4:re"“"’6Aa8,,A,33,,0

Topology is associated to
asymmetry of the LLL states in
the MDCDW.

ganom _ e2q/4ﬂ2

Xy

Anomalous Hall
conductivity

Ferrer and VI, ‘15,'17,'18

Described by Dirac Hamiltonian
H(k) =" (ki — biv") + my" + boy".

Axion term in the electromagnetic action

62

S=— [ dt d*r b,V *P A, 0 Ap.

Topology is associated to band structure
with nodes of opposite chirality
separated by 2b in momentum space

Anomalous Hall
conductivity

Burkov, ‘17




