Large-scale dynamo and jet launching from compact binary
mergers: current status and beyond
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There is no self-consistent model to explain it.



A “package” for EM counterpart modeling
Sys. Err.

NR simulation
(GR+EOS+ v -Rad.+MHD)
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R-process nucleosynthesis calculation -+
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Neutron rich matter ejection mechanism
S. Fujibayashi, KK, et al. 18

U j ~0.15¢
Casel =04-0.5
Long-lived MNS Maﬂ\/ RefS
B-field Vei ~ 0.05 ¢
Merger amplification MNS+Torus {mﬂ.ﬁ—ﬂ.d HOﬁOkezaka et a" 13’
%_’“ Fujibayshi et al. 18,20,21,22
LAY - Bauswein et al. 13, 17
) | Vej ~ 0.05¢
o' e BH » }/::{"_3 0.4 JUSJ[ et a| 14, 21
Case II Siegel & Metzger, 18
& . Delayed collapse . .
Dynamical mass ejection Combi & Slegel, 23
"9 :
Early MHD/viscosity-driven mass ejection Radlce et a|- 18
@
Long-term viscosity & Neutrino-driven mass ejection + more
. >
0 ~ 1 ms ~ 10 ms ~ 100 ms ~1s

Time after merger

P One missing mass ejection channel = Lorentz force-driven ejecta

Recent progress indicates its relevance. (Mosta et al. 20, Combi & Siegel 23,
KK et al. 24, Most 23)



To B ornotto B in binary neutron star merger (vy victoria M. Kaspi)

P — P Diagram Image of the binary pulsar
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» Assumption : Rotational energy is dissipated by the
magnetic dipole radiation = B « (PP)/2



To B ornotto B in binary neutron star merger y victoria M. Kasp)
» B-field in observed binary NSs : 1097 — 10 122 (G
Kinetic energy before the merger ~ 10%3 g cm? 52 (M/2.7M_,.)(v/0.3¢)?
B-field energy ~1041 g cm? 52 (B/1012G)2(R/106¢cm)3
B-field is irrelevant in BNS mergers 7
No | = Several amplification mechanisms (Magneto Hydro Dynamical

instabilities) could amplify the B-filed up to the dynamically important
level



| orentz force (MHD)-driven ejecta as a “new” channel
Question: How can be a strong and large-scale field established?

Mean field dynamo theory

B =V x (UxB+¢&), Q=Q+q, Q= Axisym. Ave.

E=uxb u & b : turbulence of the velocity and b-field.

a QO dynamo
8 — CB@]B —|—,633(V X B) ~ aiiB@-

7T Q
i
0;B, = RBV AQ (A= R, z, Q — effect) “‘EC{f S
N\ ‘ ) ,

OtBr = 0,E, ~ 0, (appBy,) (o — effect)
(9th — —838@ ~ SR (QQPQPBQO)



Generation of a large-scale field via a O dynamo
a_ Qdynamo theory prediction (Check list)

1. B, should be anticorrelated with Bg,

2. E, should be correlated or anti-correlated with B,
3. Dynamo cycle period Py, = 21 (a 4 ,dQ/dInR k,/2)-1/2

4. Dynamo wave propagation direction according to the Yoshimura-Parker
rule a4,V Qxeg

Question: What generate electromotive force (EMF), i.e., fluctuation
component of velocity and magnetic field?

E=uxDb




Generation of a large-scale field via a (O dynamo

Kelvin Helmholtz instabi Ity (Rasio and Shapiro 99, Price & Rosswog 05)
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High grid resolution is key:.
(KK et al. 14,15,18,24, Palenzuela et al. 22, Aguilera-Miret et al. 20, 22, 23)



Generation of a large-scale field via a O dynamo

Magneto Rotational Instability (MRI) (Balbus & Hawley 91) ;
Differential rotation: VQ < 0, ARN> ~ 80 ( = )( : )—E( : )_1
> ' »AMRI ~ OV Thas 1015g cm~—3 8000rads™1
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Again, high resolution is key. (Shibata et al. 05, Duez et al. 05, Siegel et al. 13, KK et al. 18,24)




NMethodology

» Finstein’s solver (Shibata & Nakamura 95, Baumgarte & Shapiro 98, Barker et al, 06,
Campanelli et al. 06, Hilditch et al. 13)

» Nuclear theory-based equation of state for the NS matter (SFHo/BHBLp
/DD?2) (Steiner et al. 13, Banik et al. 14)

» Relativistic magnetohydrodynamics solver (KK et al. 22, Migone et al. 09,
Gardiner & Stone 08)

» Neutrino-radiation transfer solver (Sekiguchietal. 12) /™ \oc kL

/
+ for more technical issues (see KK et al. 22) \ //
N

All the works, we quantity the ability of our simulation set up to resolve the
KHI and MRI:

AMRI
= > 10
OMmRI Ax




Computational facilities

Fugaku@Riken (Japan) Raven@MPCDF (Germany)

Supercomputer = Experimental labo.



Inferring the EOS from ab initio simulations

Lifetime of the remnant massive neutron star
Prompt Short-lived Intermediate-lived Long-lived

~(0(0.01) s ~0(0.1)s ~Q0(1) s

Liso ~ 10*%erg/s  No jet until 1s at least.  Liso ~ 10°%erg/s Ly, ~ 10°%erg/s
Hayashi et al. PRL 25 KK PRL 23 KK 25 in prep. KK Nature Astro. 24

FOS stiffness: Soft (SFHo) Stiff (DD2)
Binary mass: Large Small



-lived remnant formation
0.2s simulation, DD2-1.35-1.35Mg), A% ,..=12.5 m (KK et al. Nature Astron. 24)

Y, p(gcm™3) + B — field line B(G) ©K. Hayashi

Time: 0.02 ms




Time: 0.02 ms
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Kelvin-Helmholtz dynamo at the merger

KH amplification at the merger Growth rate vs initial B-field
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» [n reality, the KH dynamo would produce a strong, but small-scale
magneto turbulence (see also Palenzuera et al. 22, Aguilera-Miret et al. 22, 23).



Neutrino viscosity/drag on MR
Dispersion relation for MR| with the

f/,,orf‘,,zl i ] ]
B neutrino viscosity:
|B§im,3D| ~ a2 3 3
e [(a+k2a) 5+ 2] 4R [&24—}4:2] 4k =0
.0 ~  kvg ,_,2_&2 Y
Ep e T Ve

Dispersion relation for the neutrino
drag:

10100 20 10 60) ' - 12 - -
& licen) [(&+r)&+k2] 472 [&%kz} 42 =0,
~ r
Neutrino viscosity/drag could be =9

irrelevant tor MRI. v =1.2x 10" (,o/l(]l?’gcm_?’)_2 (T/10MeV)? cm?s™!

I'=6x 10°(T/10MeV)°s~t  Guiletet al. 16



Check list to pin down ana QO dynamo

Prerequisite MRI quality factor: 2MRL s 10

Ax

— 125m, p13 < p < puas

— 125m —=50m, p13 < p < pigs

(R )

oUm — 100 1M, P13 S

200 m \

y 20 40 60 80 100 120 140 160
t B tmerger (HIS)

VIRI'is well resolved in Ax=12.5m run= Turbulence is developed
VIRl is not resolved in A x=200m run= No turbulence



Check list to pin down an a O dynamo
() effect o effect
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Check list to pin down ana QO dynamo

Pearson correlation between E(p and Rp
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Table 1 The af2 dynamo period prediction and simulation data at several radii

15

R (km) X (cm/s) (1 (rad/s)  Shear rate k. (/cm) Ptheﬂr}, (s) Py (8)

20 _8.1x 10% 4025 g=—1.0 6.3 % 10%  0.020 0.018

30 ~1.0x 107 2515 g=—-134 42x10-% 0021 0.018-0.024
40 _1.0x 107 1688 g=—-144 33x10-% 0.037 0.018-0.030
50 _4.4 % 105 1200 g=—-150 26x10-% 0.062 0.030-0.040




Check list to pin down ana QO dynamo

Bphi [G] 4’0 Z 10 kml
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Dynamo wave propagates to the z direction according to the Yoshimura-
Parkerrule a 4,V Qxe,



Jet from long-lived remnant formation
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» Poynting flux dominated luminosity outflow is L2 =~ 10%2erg/s

» Relativistic outflow is confined in a region with 8 ~ 12°.
» [erminal Lorentz factor =10-20.
» The standard resolution (200m) underestimates the luminosity by a factor

of 10-100.



Mass ejection from long-lived remnant formation

Fjecta mass evolution  Mass histogram vs Y, Mass histogram vs v,
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» The standard resolution (200m) underestimates the ejecta mass by a
factor of 10 (see also Mosta et al. 20).

Lorentz force-driven)=0.1 Mg,



Intermediate lived remnant formation case
chin=1.186Mg, BHBA 4, Axq ...=12.5m, 0.3 second simulation (KK in prep.)

p (g cm™3) B(G) Y, ©K. Hayashi
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“Jet” from the intermediate-lived remnant formation

Poynting flux

Poy; AT = 125 m
[ Poy,isof<12:, AT1s = 12.5 m

125 m — 25 m (frge = 15 ms)
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1SO
jet
are assumed, it is consistent with the required jet kinetic energy in
GW170817.
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~ 10°2erg/s= If 1 second duration and 10% convergence efficiency




Intermediate lived remnant formation case

Ejecta mass evolution
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Short-lived remnant formation
1.2s simulation, SFH0-1.2-1.5Mg , A X10=150m&200m (KK et al. PRL 23)

p (g cm™3) Y, B(G) ©K. Hayashi

Time: 7.52 ms

(see also, Just et al. 14, 21)



No “jet” from the short-lived remnant formation

No jet until 1s at least. Ram-pressure/Mag-
Butter-fly diagram pressure
0.0 b ol S 10 1001 Shtgb= 312,662 (1ns) ‘ % i
200 . 0
—200 «,:f ‘4 ]%; Ls
—400 " : X :
—400 —200 0] 200 400

x (km)

» BF diagram indicates the a (O dynamo generates the large-scale B-field.
» Resultant large-scale is not strong enough to overcome the ram-pressure.
Why? Disk rotational energy is = 10°1erg, c.f. Remnant NS rotational energy

is ~ 10°3erg.



Moy Mege( M)

Mass ejection from the short-lived remnant formation

Fjecta mass evolution Mass histogram vs Y, Mass histogram vs v,
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R-process nucleosynthesis calculation will be shown later on.



Prompt BH formation motivated by GW190425

1.5s simulation, SFH0-1.25-1.65Mg) , A Xe=150m (Hayashi, KK et al. 24)
p (g cm™3) + B — field line B (G) Y,

©K. Hayashi




Prompt BH formation

1295.22 ms

500 km

» Generation of large-scale B-field = Blandford-Znajek mechanism.
Liet ~ 10%%erg/s
» Butterfly diagram suggests MRI-driven a (O dynamo.



Vlass ejection from prompt BH formation

Ejecta mass evolution Mass histogram vs Y, Mass histogram vs v,
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» Dynamical ejecta =1.6x10-3 M, Post-merger ejecta (MRI- dnven
turbulent viscosity & Lorentz force) 4.7x10Mg

> V. cakan = 0.08, Y ~ (.28

> v ~ (0.7¢c, v ~ (0.08c

e, peak, post

o, peak,dyn co | peak, post

Nucleosynthesis calculation is on going.




Inferring the EOS from “jet” launching

Lifetime of the remnant massive neutron star
Short-lived Intermediate-lived Long-lived

~(0(0.01) s ~0(0.1)s ~Q0(1) s

i25

120

:\-10
3
> .' ',“\‘0.0
— 3 Y10 km)
1.0e+10 ruat! 2 31.0
- 1.0e+9 20
~ T &
1.0e+8 g 08
1.0e+7 ; 1De+
L 1.0e+6 "‘_'r' 1.0e+8
0l

1.0e+5

—~1.0e47 8

L., ~ 10%%rg/s  No jet until 1s at least. Liso ~ 10°%erg/s L, ~ 1052erg/s

SFHo BHBA 4 DD?



Inferring the EOS from R-process nucleosynthesis
Lifetime of the remnant massive neutron star

Prompt Short-lived Intermediate-lived Long-lived
¢ ~ 0Os ~0(0.01) s ~0(0.1)s ~0(1) s
10° SFHo 120 130 e i — \mn 102k MNS/M@:LssT{.éa DD2 | yHOD ‘A ]

3 )

Y (A4)/Y (5

On-going

0 50 100 150 200

M,j. = 0.006 Mg Meje ;40.014 My  Meje =007Mg  Meje = 0.1 Mg
Mg 7% = 0.05 Mg
R-process universality:  SFHo BHB A ¢ DD?
Kilonova in GW170817: SFHo BHBA ¢ DD?



Another potential large-scale dynamo
OB =V x(UxB+¢),

VIRI-inactive VIRI-active E—uxhb _
=u X Tayler-Spruit dynamo loop
8000———— — 150 o Differentia rotation Tayler instability
0 T o P o — '. '. e shears B, into B, generates 68,

7000 __ﬁ‘“m_l_lj 0 £ -0
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L i} 2 _1 6 8 1(] E¢ generates B,.

x (km) SDI”UIJ[ 98 .
Barrére et al. 2b

» Deep inside (Outside) core is MRI-inactive (active) region
» Bulk EM energy is contained in the MRI-inactive region.

Tayler-Spruit dynamo could be the case in the core.



Tayler-Spruit dynamo in BNS (Reboul-Salze et al. 25)
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» Solving the linear perturbation equation on top of the simulation data.

(gray: stable, white unstable)

» Numerical viscosity alters the critical strength of the instability
Tayler-Spruit dynamo is the next challenge.



Super long-term BNS inspiral simulation (kK 25)

Residual phase error

—
2 |
F —— 4th-HLLC + MP5, N = 189, N, = (189, 157, 125, 109)
2nd-HLLC + PPM, N = 189, N, = (189, 157, 125, 109)
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» Fourth-order accurate finite volume Riemann solver (KK 25)

» SPorror = 0.27 £ 0.07 rad (new solver) vs § oo = 0.58 £
0.22 rad (old solver)

» ~100 GW cycles



Black Hole - Neutron Star mergers
Key ingredients for tidal disruption in BH-NS

Tidal force > NS self gravity = r £ (Mg /Mye) 22 (Myo/Rys) ! Mo = 1y
T Figa > leoo = 1idal disruption

Fidal < liseo = NoO tidal disruption
*ISCO = Inner Stable Circular Orbit

Key ingredients of the mass ejection in BH-NS are
» Spin of BH

» Mass ratio (Mg./Mye) NS (Mys)
» Compactness of NS ?I\/INS/RNS)
B > r
Stiff EQS=lsmal| ‘/ _ X
Co 'rg pactness - Ris

AT v (@<P)




Ab initio simulation of BH-NS (K. Hayashi, KK et al. 22,23)

Time: 0.01 ms
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Numerical modeling of BH-NS merger

Vagnetically tower “jet Isotropic Poynting Luminosity

4B5H —_—

Q4B5L —

Q4B3L
Wﬁ " WJ’ \nM

|
200 1000 1500 2000
t [ms]

» Magnetically tower “jet” builds up magnetosphere
=L, and 0 ; are roughly consistent with the observed values.



Conclusion

» A self-consistent direct modelling of BNS merger is feasible.

» For the long-lived case, L2 ~ 105%erg/s, Myj, = 0.1 Mg » MS1y 170817,
and the solar R-process can not be reproduced.

P The intermediate case, Li§? ~ 1052erg/s, Myje = 0.07 Mgy ~ MG/ 7017,

> For the short-lived case, no strong jet, M,j, = 0.014Mg < Mgy 7%, and
the solar R-process is reproduced.

» For the prompt collapse case, LYY, ~ 10*%erg/s, Mej, ~ 0.006Ms.

eje

Caveat: A large systematics in hydro. simulation, in particular, MHD-turbulent
Case.



Generation of a large-scale field via a O dynamo

15
0.00 . . — —15 X101
t — tmerger = -1.22 (ms)
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=T 110
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» \Waves generated in the MRI-active region propagates towards the polar
» [ he B-field deep inside the core in the polar region stays buried throughout
the simulation



Mean B-tield in MRI-active region

MRI-inactive MRI-active
8000——————— 150
| O I _ —— P
(000 — H‘%_l—lj

6000y hio?
5000 # 5 &
o anr e — 15 —
= 4000f - -
- - 7000 ™\ :}é'm'”?
3000 5000 J/ \Q% . G
2000 | 30007 N, 11]125
- 1000 \\‘“—ﬁ”-w !
oo . . 107, 10" 10" =
1000} 5 . - . iy
x (km)

» Deep inside (Outside) core is MRI-inactive (active) region
» Bulk EM energy is contained in the MRI-inactive region.



Prompt BH formation

Rest-mass density VIRI-quality factor \Vean poloidal B-field

t = 14.96 ms

3
Logol p (g/cm®) | |
[ | | e
: 6 &8 10 12

Once the MRI starts to be resolved, the mean poloidal B-field is generated.
P = 0.03 s vs Pgr = 0.03-0.04s

theory




Flectromagnetic emission in compact binary mergers

R(paid)-process nucleosynthesis and EM

(Lattimer & Schramm 74, Metzger et al. 10, Li & Paczynski 98) apen s shell

Role of the r-process elements . = ﬂ
» Heating source via radio-active decay (Kasen et al. 17) € et I
; R F |

em 10 ergs gt (o) L5 i

j . .

» Opacity source (Lanthanide elements) IIIEII

(Barnes & Kasen 13, Tanaka & Hotokezaka 13) E

2 1 apen fshell 90 92 93 95 96 97 98 99 100 101 102 103
B Ac|T o Lr
k~10cm* g

Properties of electromagnetic emission (Optical-IR) Slide courtesy of M. Tanaka

» Peak time (diffusion time = dynamical time)

t ook ~ 5.7 da & Y Mage N7 ( o )—1/2
peak ~ Y. y 10 e —2 g—l 003M® 0.2¢

Me; t
L~ éMs ~ 6 x 10 == [ —
ey B2 10 Cle s (0.03M® day

» Peak Luminosity



R-process nucleosynthesis and its opacity

Lanthanide ODUC8| R Tanaka et al. 17
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» Electron fraction Y, (# of electron/# of baryon) is a key quantity

» Y. = 0.25 produces negligible / small amount of lanthanide = low
opacity in optical

» V. < 0.25 produces lanthanide = high opacity in IR

» Neutrino reaction determines Y, of the ejecta
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