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MOTIVATION

|
Observation of Neutron stars (NSs)

How to Detect ‘Invisible’ , isolated NSs?

: . Gravitational waves (GWVs)!
» Electromagnetic radiation: Pulsars

» X-ray sources: Accretion-powered NSs

Compact stars = extreme density and gravity -- cannot recreate on Earth
all forces (strong-- weak-- gravitational--electromagnetic) act together!

> What are constituents? Equation of state (EoS)?

Can be constrained by GW
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GRAVITATIONAL WAVES FROM PULSATING COMPACT STARS
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LET’S FIND OUT 3+1 Metric: ds? = —a? dt? + p* [drz +72d02 + 12 sin? 0(d@ + B° dt)z]
SUPERCONDUCTING
REGIONS!!
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Toroidal Magnetic field (B = B¢$)
B,,. = 107G

Poloidal Magnetic field (B = B,# + B,0)
B,,.. = 107G

MD & Mukhopadhyay, ApJ (2023)
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NS’s
Superconductivity




How neutron stars NSs become superconductor
|

1 BCS theory: low temperature degenerate fermions can form Cooper pairs if
there is an attractive interaction.

- o ©

 Laboratory superconductor: Electrons form Cooper pairs via lattice > "
vibrations (phonons) where one electron distorts the lattice, attracting o < S
another electron. \ /

[ Unlike the laboratory superconductor, protons form a cooper pair in NSs
rather than electrons, as electron’s critical temperature is far below NS’s
temperature(~ 10° K) as they are highly relativistic.
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Vers

(d NS: the attraction between protons is coming from the attractive nature of
strong nuclear.
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Type | Type of Superconductivity Type Il
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Meissner effect: magnetic field expulsion
Field decays expongntially in P Magnetic field can partially penetrate in Type |l superconductor:
London penetration depth (1) B can be confined inside Cooper pairs
which are smaller in size (§) than A (approximate)
B . : _—
Cooper pair with magnetic fields: quantum fluxtube
. £
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In NS, magnetic field cannot be expelled into normal matter as

the conductivity is very high. ' '
Timescale of expulsion>universe’s age. o . . /1. .
Magnetic field will be present in Type | superconducting matter in Magnetic field will also exist in Type Il superconducting

a discontinuous manner even if B < H¢p,. matter, but in ordered array of quantum fluxtubes.



Critical temperature

T, ~ AJ1.76kg

Critical magnetic fields
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Type |l partially superconducting (fluxtube):

T<T,& H4<B<Hn,& k>1/\V2
Type Il completely superconducting (paired protons):

T<T,&B<H, & k>1/V2
Type | superconducting:

T<T, & B<H., & k< 1/\2
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Toroidal field Superconducting regions Poloidal field
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Enhanced CGW from
Superconductivity




Observational imprint in gravitational wave from Millisecond pulsars (MSPs)

Highly rotating NSs with weak (observed) magnetic field

Observed Simulated
v d M | B™F €950 Biax V. ol ienal
MSP PSR P 95% s | F €n €s piien pSien
(Hz) | (kpe) | (Mz) | (G) | (x107%) (G) | (%)
J1810+1744 [601.4] 236 | 2.13 [2 x 10F 2.3 1x10% | 55 [203{55x 10" 1 x10°% [4x 107" 8 x 10 *°
10955—6150 |500.2] 2.17 | 1.71 |12 x 10°| 3.6 1x10" | 65 [214(54x 107" 1 x107® |3 x 107255 x 1072
1193942134 |6419| 48 | 1.4° |7x 10| 6.1 3.5x 10| 71 [ 74 (6.7 x 1071°[4.9 x 107%|3 x 1072*|2.5 x 10722
J1431—4715[497.0| 155 | 1.4* |2 x 10® 2.3 1x10% | 71 |258(55 x 1071 1 x107® [4x 1072°| 1 x 10722
J1513—2550 |471.9] 3.69 | 1.4 |4 % 10° 5.2 2% 10" | 71 |129(22 x 107" |28 x 107 %[5 x 1072%| 7 x 1072
J0034—0534 |532.7] 1.35 | 1.4 |1 x 10® 1.2 5x 10" | 71 |520(1.3 x 107" 6.8 x 10721 x 107%°| 6 x 1072
J1543—5149 [486.2| 1.15 | 1.35 |3 x 10® 1.3 1.5x 10 72 164 1 x 107 1.6 x 107 %8 x 1072°|1.2 x 1022
®) h:ignal 0 hgignal
KAGRA e ieeTIGO PSR
h o - Ha 10"2°-§ sup O BN )1810+1744
superconducting non—superconducting B 8 anIRGO ' — J0955—6150
¥ ¥ - aL'GO\ o B |1939+2134
1 RS e 1431-4715
detectable Not detectable © e /_ j1513-2550
L= Telescope Cosmic
o J0034-0534
10-24 Explorer
@ o . . |1543-5149
102 103

v (H2)

(9207) Qd “4eAypedoyyny 3 uenjeipas ‘AW



THANKYO




L orenz force

1 . o
= —B'[V;(8') - V'(B))]

Normal matter: E,prm

Superconducting matter (Type ll):
modified due to presence of arrays of fluxtubes floating inside superconducting matter, which confines high
magnetic field inside them.The current loop (J) is generated on the fluxtube surface.

1 0H.4
Foup = - — BY|V;(H, BY) — V‘(HClB)]— V‘(B app) @

Glampedakis K.,Andersson N., Samuelsson L.,201 | 1

Fluxtube pin to neutron vortices via mutual friction, restricting their motion

|F:9up| _ HCl

|F | B As high magnetic is confined in fluxtube,
norm Lorenz force is expected to enhance if B < H.4
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