
Study on the effect of the outflow from 
young neutron stars and supernova 

fallback on the neutron star diversity

Yici ZHONG (M2, U-Tokyo)
With

Kazumi Kashiyama, Toshikazu Shigeyama,
Shinsuke Takasao and Daichi Tsuna

2021.08.27

Extreme Outflow in Astrophysical Transients 2021



The diversity of young isolated neutron stars

？

(tage < 1-10 kyr)

Rotation 
powered 
Pulsars, 

rotation energy

Magnetars,
magnetic 
energy

Central compact 
objects

(CCOs) ,
residual heat

why CCO’s Bd field is so small?• Luminous in radio/x-ray band
• Pulsates regularly
• Lx ~ Lsd

• Luminous in soft x-ray band
• Lx > Lsd : extra energy source

• Luminous in x-ray band
• Lx > Lsd : extra energy source
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e.g., Ugliano et al. 12; Ertl et al.16

The fallback mass is sensitive to the progenitor structure, the SN explosion mechanism, and so on.

Dynamical range is large

Introduction: Fallback accretion onto NS 

It will proceed down to the NS surface and even bury the magnetosphere when

injection rate from a rotating neutron star can be described as Q̇crit ≈ (µ2Ω4/c3)× (Rlc/R∗)2, or

Q̇crit ∼ 2.7× 1045 ergs−1
(

B∗

1013G

)2( P

10ms

)−2

, (32)

where µ=B∗
2R∗

3 is the magnetic moment, Ω= 2π/P is the angular frequency, and Rlc = c/Ω is the

light cylinder radius. We note that the above energy injection rate is different from the classical dipole

spindown rate, Q̇dipole ≈ (µ2Ω4/c3). The additional factor (Rlc/R∗)2 represents the enhancement of

spindown luminosity (Parfrey, Spitkovsky, & Beloborodov 2016); the magnetic fields are maximally

open, like a split monopole, due to the accretion. From Eqs. (29-32), we obtain the critical accretion

rate as

Ṁcrit,repul ∼ 8×10−5M⊙ s
−1 ξs,crit

0.3

(4πDfb

√
ξs)crit

10

(
B∗

1013G

)2( P

10ms

)−2( tfb
20s

)2/3

.(33)

If Ṁfb
<∼ Ṁcrit,repul, a bulk of the fallback matter will be directly repelled by the spindown power.

Otherwise, it accretes on the neutron-star surface.

If Ṁfb
>∼ Ṁcrit,repul and the accretion rate is so large, the surface magnetic field of the neu-

tron star can be buried and the spindown power significantly decreases (Torres-Forné et al. 2016).

Extrapolating the results of Torres-Forné et al. 20161, the threshold value for burying the magnetic

field may be described as

Ṁcrit,bury ∼ 10−5M⊙ s
−1
(

B∗

1013G

)3/2

. (34)

In the case of Ṁcrit,repul
<∼ Ṁfb

<∼ Ṁcrit,bury, the situation will be more complicated. At first, the

fallback matter accretes on the neutron star; the magnetic fields and spindown energy are confined

in a near surface region. As the fallback rate decreases with time, large-scale fields emerge and

the spindown power pushes back the fallback matter. In Fig. 5, we show how the consequences

of a fallback accretion depend on B∗ and P for Ṁfb = 10−6M⊙ s−1(left), 10−5M⊙ s−1(center), and

10−4M⊙ s−1(right).

Let us now discuss possible connection between the diversities of neutron-star formation with

fallback accretion and the observed young neutron stars. From Fig. 5, the condition Ṁfb < Ṁcrit,repul

is always satisfied for fast-spinning strongly-magnetized neutron stars with B∗ >∼ 1013G and P <∼
a few ms. Such cases have been proposed as a plausible central engine of extragalactic transients

like gamma ray bursts, superluminous supernovae, and fast radio bursts (see e.g., Metzger et al.

2015; Kashiyama et al. 2016; Kashiyama & Murase 2017; Margalit et al. 2018 and references

therein) 2. A similar range of B∗ and P have been also considered in the context of Galactic magne-

tar formation; the magnetic field amplification can be attributed to the proto-neutron-star convection
1 There is a typo in their Eq. (25).

2 Also see Metzger, Beniamini, & Giannios 2018 for the impact of fallback accretion on the time evolution of spin in the early stage.
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Relativistic outflow from NS
The electromagnetic waves associated with the angular momentum loss of the central NS is efficient for 
accelerating the charged particles being ejected to the magnetosphere to relativistic energy scale (Γ∞ ≥

100)(e.g., Gunn & Ostriker 69), dominant component of wind after neutrino outflow ceases and fallback sets in.

Tchekhovskoy et al. 13

A competition between fallback matter and relativistic outflow à The neutron star diversity? 

Rotating dipole Radius-independent
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Physical picture & Methods

The free-fall radius when
fallback sets in

Marginally
bound

Spherically symmetric
Constant luminosity

Governing equations:
• 1-D Relativistic 

Hydrodynamics equations + 
point source central gravity

Numerical scheme:
• HLLC Riemann solver 
• Spatial reconstruction : 2nd

order PLM 
• Time integration : 2nd order 

RK method 
• CFL # of 0.1.
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Ø Shock structure
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• Red region: shocked wind
• Light blue: shocked fallback matter

• Contact surface: non-relativistic

• How do the accretion shock evolve,
especially the contact surface?

Reverse shock
Forward shock

Contact
surface

Encounter radius

velocity

density

pressure
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Thin shell model with central gravity

o A simplified ver. of non-relativistic hydro 
Eqs. at the contact surface:

Analytical model for shocked fallback matter

FW Contact
surface

The schematic picture
after encountering

? For a given
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Inner-most position rfb, min

• Integrating the governing equations till vfb = 0
(t=tmin), meanwhile the condition that the thin shell 
marginally become gravitationally unbound

shall also be realized.
Which leads to:

Where:

Analytical model for shocked fallback matter

Inner-most position achieves if:

time-integrated outflow 
luminosity injected to the
shocked fallback shell 

work exerted by the 
gravitational force
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• The critical energy flux ratio ζmin for the fallback matter to reach the near NS
surface region ➡ rfb, min = R*, and since R* << renc:

• When tmin <= tfb:

Invading condition: rfb, min = R*

outflow

gravity

Condition for the shocked fallback matter to reach down to the NS;
determined by the competition between gravity and outflow

Analytical model for shocked fallback matter

= 0
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Ø This is what Numerical
results tell us
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As long as the outflow luminosity remains the same,
the outflow velocity (or baryon loading details)
doesn’t affect the results.

Field configuration
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Implications on the NS diversity

Mfb < Mfb, cri, dipole

Fallback matter is
repelled by the
dipole magnetic field

Field configuration

Pulsar with
Clean

magnetosphere
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Implications on the NS diversity

Advanced channeled fallback
inflow proceeds to the NS
surface and opens the closed
field lines (the magnetosphere
is locally pressed to Alfven
radius rA by R-T finger), the
outflow luminosity is
enhanced.

Field lines are forced to be open

Pulsar?
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Implications on the NS diversity

Mfb > Mfb, cri, mon

Fallback accretion
outweighs the outflow
luminosity enhanced by
the opened field lines

Field lines are forced to be open

Magnetar with
Disturbed

magnetosphere?

Page 12/15



Implications on the NS diversity

Mfb > Mfb, cri, mon

Fallback accretion outweighs
the outflow luminosity
enhanced by the maximumly
opened field lines. It’s strong
enough bury the magnetosphere

Maximum luminosity of split monopole-like field configuration

CCOs with
Buried

magnetosphere
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We can summarize these four cases as…

ØTrifurcation point: Broadly consistent with typical galactic rotation-
powered Pulsar (B*~1013G, Pi~O(10) ms) assuming
typical accretion ( , );
implies a roughly comparable formation rate of
pulsars, magnetars and CCOs.
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Force-free
magnetosphere;
fast spin

Disturbed
magnetosphere;

large B

Buried
magnetosphere;

small B



The P-Ṗ-at-born of know
pulsars/magnetars can be traced
back with their current value (the
simplest way is following the
moving direction given by pulsar
model) and compared with our
phase diagram
➡A birth-line of NSs may be 
obtained; for each of the samples:
• There exists a maximum Mfb for

our model to work: does this
somehow correlate to its SN
explosion energy, progenitor
mass etc. ?
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Rotation period at born: 126 ± 9 ms

Magnetar at born
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More information?
(under construction)



Summary
What do we want to know?

• The origin of the diversity of young neutron 
stars

What did we do?
• To Investigate the impact of the relativistic 

wind from the magnetosphere of a newborn 
neutron star and supernova fallback

What have we done?
• 1-D Hydrodynamics and analytical 

calculations

What have we learned?
• There exists a critical luminosity 

ratio of the out- and inflow 𝜻𝐦𝐢𝐧 that
determines the criterion that fallback
matter can invade down to the near
NS surface region à the criterion for 
a NS to form into CCOs, magnetars
or rotation-powered Pulsars

• The trifurcation point given by our 
study is broadly consistent with 
known galactic pulsar formation
(roughly comparable formation rate
of each kinds of NSs?)

Remaining questions: magnetar formation? Other observational
imprints? (e.g., progenitor mass, SNRs and etc.)



Thanks for 
listening


