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Detection of Neutron stars (NSs):

➢ Electromagnetic radiation: Pulsar (magnetized rotating NSs) emits beams of electromagnetic 

radiation out of its magnetic poles, which does not coincide with the rotational axis, so the emission 

beams are detected as pulse (Lighthouse effect).

➢ Accreting NSs: locate in binary systems and manifest themselves as X-ray sources.

➢ Gravitational wave (GW) from Binary merger: NSs in binary system are strong sources 

of gravitational waves (due to nonzero time varying quadrupole moment)

How to Detect ‘Isolated’ or ‘Invisible’ NSs?

Isolated NSs (not in binary/ negligible dipole radiation)      tiny size & thermal energy      lowly luminous 

(or pulse not directing towards earth) thus Invisible

difficult to detect in electromagnetic (EM) surveys, such as SDSS, Kepler, Gaia

But isolated NSs and WDs can produce continuous GW!
emitted continuously, as long as star is magnetized and spinning

(like a singer holding a single note for a long time).

Direct detection of invisible stars!      idea about mass, magnetic field, spin and equation of state. 
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NSs are generally born with mass 1.4 − 1.6Mʘ. GW from merger GW190814 (𝑀 = 2.50 − 2.67𝑀ʘ; Abbott et al. 2020) 
suggests the possible existence of NSs with 𝑀 > 2𝑀ʘ, similar to pulsar timing study of PSR J0740 + 6620 (Cromartie et al. 
2020).

One of the most exciting possibilities (proposed by our group) to explain such high mass is by high magnetic field 
along with rotation (Pili et al. 2014, Das et al. 2013).

Introduction



NSs are generally born with mass 1.4 − 1.6Mʘ. GW from merger GW190814 (𝑀 = 2.50 − 2.67𝑀ʘ; Abbott et al. 2020) 
suggests the possible existence of NSs with 𝑀 > 2𝑀ʘ, similar to pulsar timing study of PSR J0740 + 6620 (Cromartie et al. 
2020).

One of the most exciting possibilities (proposed by our group) to explain such high mass is by high magnetic field 
along with rotation (Pili et al. 2014, Das et al. 2013).

Origin of strong magnetic field: Collapse of highly magnetised star → Flux freezing →Dynamo (α-Ω)→ amplify 
up to ~1017−18G for NS at core: Surface field could be 1015−16G (Thompson & Duncan 1993)

High magnetic field and misalignment in turn would lead them to emit continuous GW (CGW). 

Introduction



NSs are generally born with mass 1.4 − 1.6Mʘ. GW from merger GW190814 (𝑀 = 2.50 − 2.67𝑀ʘ; Abbott et al. 2020) 
suggests the possible existence of NSs with 𝑀 > 2𝑀ʘ, similar to pulsar timing study of PSR J0740 + 6620 (Cromartie et al. 
2020).

One of the most exciting possibilities (proposed by our group) to explain such high mass is by high magnetic field 
along with rotation (Pili et al. 2014, Das et al. 2013).

Origin of strong magnetic field: Collapse of highly magnetised star → Flux freezing →Dynamo (α-Ω)→ amplify 
up to ~1017−18G for NS at core: Surface field could be 1015−16G (Thompson & Duncan 1993)
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We simulate CGW from isolated magnetized rotating NSs and try to understand observation plausibility.
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GRAVITATIONAL WAVES FROM PULSATING COMPACT STARS
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MODELLING NS

USING XNS Pili et al. 2014

Einstein’s equation solver in GRMHD



XNS (A code to study magnetized NSs)

Einstein’s equation (describes space-time metric) 

𝐺𝜇𝜈 = 8𝜋𝑇𝜇𝜈

ⅆ𝑠2 = −𝛼2 ⅆ𝑡2 + 𝜓4 ⅆ𝑟2 + 𝑟2 ⅆ𝜃2 + 𝑟2 𝑠𝑖𝑛2 𝜃 ⅆ∅ + 𝛽∅ ⅆ𝑡
2

Magneto-Hydrostatic Equilibrium 

(provides distribution of matter/energy)

𝑇𝜇𝜈 = ⅇ + 𝑝 + 𝑏2 𝑢𝜇𝑢𝜈 − 𝑏𝜇𝑏𝜈 + 𝑝 +
𝑏2

2
𝑔𝜇𝜈 

Momentum-energy conservation: 𝛻𝜇𝑇𝜇𝜈 = 0 

Axisymmetric equilibrium 
configuration 

(Uniformly/differentially 
rotating & 

Poloidal/Toroidal/mixed field)

of NSs in GRMHD 

TOV eq



Input    

• EOS: polytropic law 𝐏 = 𝐤𝛒𝟏+
𝟏

𝐧, adiabatic index 𝛾 = 1 + 1/n (We use K=100, 𝛾=1.95).

• Magnetic field:

     Toroidal: magnetic polytropic law 𝑩Φ~𝐫𝐤𝐦𝛒𝐦,  m =polytropic index, 𝐤𝐦= magnetization index.

     Poloidal: Current 𝑱Φ ~𝐫𝐤𝒑𝒐𝒍𝛒,  𝐜𝐮𝐫𝐫𝐞𝐧𝐭𝐬 𝐚𝐫𝐞 𝐚𝐥𝐥 𝐜𝐨𝐧𝐟𝐢𝐧𝐞𝐝 𝐰𝐢𝐭𝐡𝐢𝐧 𝐭𝐡𝐞 𝐬𝐭𝐚𝐫       𝑩𝒓, 𝑩ϴ

Output 𝐌, 𝐑, 𝐈𝐱𝐱, 𝐈𝐳𝐳 



Toroidal Magnetic field (𝑩 = 𝑩𝝓
𝝓) with rotation

    Density isocontour Magnetic field isocontour 

𝝆𝒄 = 𝟏𝟎𝟏𝟓𝒈/𝒄𝒄, 𝑩𝒎𝒂𝒙 = 𝟓 × 𝟏𝟎𝟏𝟕𝑮, 𝝂 = 𝟓𝟎𝟎𝑯𝒛 𝑴 = 𝟐𝑴ʘ, 𝑹𝑬 = 14𝑘𝑚 Τ, 𝑹𝑷 𝑹𝑬 = 𝟎. 𝟗𝟐, 𝑴𝑬/𝑮𝑬 = 𝟎. 𝟎𝟓𝟔

MD & Mukhopadhyay ApJ, 955,19 (2023)
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Poloidal Magnetic field (𝑩 = 𝑩𝒓 ො𝒓 + 𝑩𝜽
𝜽) with rotation

    Density isocontour Magnetic field isocontour 

𝝆𝒄 = 𝟏𝟎𝟏𝟓𝒈/𝒄𝒄, 𝑩𝒎𝒂𝒙 = 𝟓 × 𝟏𝟎𝟏𝟕𝑮, 𝝂 = 𝟓𝟎𝑯𝒛, 𝑴 = 𝟐𝑴ʘ, 𝑹𝑬 = 12𝑘𝑚 Τ, 𝑹𝑷 𝑹𝑬 = 𝟎. 𝟖𝟏, 𝑴𝑬/𝑮𝑬 = 𝟎. 𝟎𝟐

MD & Mukhopadhyay ApJ, 955,19 (2023)

arXiv:2302.03706



GRAVITATIONAL WAVE

DETECTION



GW strain for various 

magnetic configuration 

(modelled from XNS) as a 

function of frequency along 

with the sensitivity curves of 

various detectors. 

𝒉 = 0.0110297𝒉𝟎 for χ = 3◦, 

d=10 kpc

𝑩𝒎𝒂𝒙 = 𝟓 × 𝟏𝟎𝟏𝟕𝑮,

𝝂 = 𝟓𝟎𝟎𝑯𝒛

MD & Mukhopadhyay ApJ, 955,19 (2023)

arXiv:2302.03706

Actually not detected yet, REASON?



GW strain (h)   ∝ 
Rotation frequency (Ω)

Obliquity angle (χ)
Magnetic field strength (B)} Decays with time!

Then how long we can detect them?
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Goldreich & Reisenegger 1992

Heyl & Kulkarni 1998

Ohmic dissipation

Ambipolar diffusion

Hall drift

Magnetic field decay:



Evolution of  B (ν, χ constant)                                 

𝑀 = 2.02𝑀ʘ , 𝐵𝑚𝑎𝑥
𝑇𝑜𝑟𝑜𝑖𝑑𝑎𝑙/𝑝𝑜𝑙𝑜𝑖𝑑𝑎𝑙

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = 9 × 1016𝐺
𝜈 = 700𝐻𝑧,                                                                                                                            𝜈 = 650𝐻𝑧

Toroidal Poloidal

MD & Mukhopadhyay ApJ, 955,19 (2023)

arXiv:2302.03706

NS detectable after birth NS detectable after birth

Old NS not detectable Old NS not detectable



GW strain (h)   ∝ 
Rotation frequency (Ω)

Obliquity angle (χ)
Magnetic field strength (B)}

Chau & Henriksen 1970

Lander & Jones 2018

Ω and χ evolution:

Decays with time!

Then how long we can detect them?

Viscous & thermal effect:
Negligible, in few hours χ increases 

upto 3% and saturates
 

GW (quadrupole) radiation & Electromagnetic (dipole) radiation: Ω, χ



𝑀 = 2.02𝑀ʘ , 𝐵𝑚𝑎𝑥
𝑇𝑜𝑟𝑜𝑖𝑑𝑎𝑙 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = 1.4 × 1017𝐺, 𝜈 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = 500𝐻𝑧

Evolution of ν and χ (B constant):  Toroidal magnetic field
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However, for 𝐁𝐦𝐚𝐱
𝐏𝐨𝐥𝐨𝐢𝐝𝐚𝐥 𝐢𝐧𝐢𝐭𝐢𝐚𝐥 = 𝟏𝟎𝟏𝟓𝐆, Ω, χ decays in 

few days of time, 

but stable NSs are actually toroidally dominated. 
(Wickramasinghe et al. 2014)

Angular momentum 

extraction due to 

radiation: Ω, χ decays 

(Timescale~years)

Viscous & thermal effect:

Negligible, in few 

hours χ increases upto 

3% and saturates

 

NS detectable after birth

Old NS not detectable
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TO INCREASE GW 

DETECTION POSSIBILITY:



The signal is not detectable instantaneously.

After one month of integration time, it will be detectable!!

Signal to noise ratio (SNR) for 1 Year integration time

Maggiore et al. 2020 𝑀 = 2𝑀ʘ, 𝐵𝑚𝑎𝑥
𝑇𝑜𝑟𝑜𝑖𝑑𝑎𝑙 = 9 × 1016𝐺, 𝜈 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = 200𝐻𝑧

𝑆𝑁𝑅 𝑡ℎ𝑟ⅇ𝑠ℎ𝑜𝑙ⅆ = 12

MD & Mukhopadhyay ApJ, 955,19 (2023)

arXiv:2302.03706
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➢ Small probability of detection in this 5-10 year?

➢ Number of  NSs to be detected (in 10 kpc3 /galactic 

volume) in 10 yr observational timescale is < 0.02.

 [Ns birthrate in galaxy 0.002/year: Beniamini et al. 2019]

Number of NSs to be detected in observational timescale?

Catch me if 

you can!



CONCLUSION



Uniformly rotating massive NSs, which are detectable after birth, may not be detectable forever. Because its 
GW amplitude decays due to decay of B, Ω and χ. Perhaps this is why we have not yet detected CGW from 
NSs by aLIGO, aVIRGO, KAGRA. 

We can try to increase the detection probability by calculating SNR over 1 year leading to direct 
detection of NSs (which cumulatively adds up the SNR, thus can have better probability to detect after 
some time).

Future gravitational wave missions with Einstein Telescope and Cosmic Explorer should be planned 
accordingly to detect such massive NSs, which, if successful can provide us an idea about its spin, magnetic 
field, as well as about the equation of state.



THANK YOU
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