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Introduction

Binary Neutron Star Mergers

GW170817:
the beginning of the multi-messenger era

400 600 1000

2000
wavelength (nm)

GW-
0.V ! i x
ray
| |
X-rgx
uv e
[ —

Optical ) )

% tgms, P STARERSY
ST
=

Bt p

. Things that we can learn:

POCITES.%, Zache, (Teivarme 1ot AAT 4 offow Sy ASTSE ATLAD. Doty e OV THOE
TESAOSD, WETA Demwn-Sou. DMASS St NTT INVIND, S0RMN, AT, EBOALS: Wante Tesmcope, HET

e enngim ni

Radio

—

. CCJRREE LD gL W
i il & /W * Test General Relativity (or alternative teories to GR)
. _t | ‘ ' _b | B * Internal properties of NSs (eq. state)
- - - * Magnetic field amplification mechanisms
e e wems | oia | * Production of heavy elements
-‘ , -. =, * EM counterpart (short GRB, kilonova)
-l oW .. *Formation of massive NS and/or light BH

Ricard Aguilera Miret



Introduction
Magnetic field amplification in mergers

*  PROCESSES DURING AND AFTER THE MERGER:

- Kelvin-Helmholtz instability (small scale)
- Winding up (large scale)
- Magneto-rotational instability (large scale)

Jet appear during the merger - Seems to need a

\ strong large-scale magnetic field

sGRB

Simulate these mechanisms via BNS merger simulations

Ricard Aguilera Miret 5



Introduction

Magnetic strenght of neutron stars

What are the typical magnetic fields expected for merging neutron stars?

Most works for simplicity (and for convenience) start with unrealistic magnetar-like values of
purely dipolar fields (10%> G), either in the pre-merger or directly in the post-merger stage
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Introduction
Magnetic field topology of neutron stars

What is the typical magnetic topology expected for neutron stars?

Most works for simplicity (and for convenience) start with unrealistic magnetar-like values of
purely dipolar fields (10'° G), either in the pre-merger or directly in the post-merger stage

NICER results
[Riley++ 20189,
Bogdanov++ 20189,
Miller++ 2019 ]

Strong indications of a multipolar structure in NS
-> Does the initial magnetic field strength
Assuming a strong dipolar magnetic field topology | and topology matter at all?

, _ _ is unsupported by the NICER results.
Ricard Aguilera Miret 7




Large Eddy Simulations
Simulating large eddies, modeling small eddies

Resolve all the scales = Costs lots of computational resources

Injection
of energy Dissipation of
energy
O o T
Dissipating
Large scale F lux of energy eddies
| eddies =
l = l/Re,>*
Resolved H b L
Direct numerical simulation (DNS) A
DNS
Resolved Modeled
e e -

Large eddy simulation (LES) Args

[Foroozani 2015]

The finite resolution of a simulation corresponds to an effective spatial filter for the fields:
f(E.t) = F(z.t)+ f'(Z,1)
f

(x.1) = [“’ G(x - X)F(x. ) dY

Ricard Aguilera Miret
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Large Eddy Simulations
Magnetic field amplification: MHD (Large Eddy Simulations)

Kinetic Magnetic
energy energy

RESOLVED (LARGE) SCALES

-L-

UNRESOLVED (SMALL) SCALES

Winding up
MRI

Kinetic Magnetic
energy energy

Inverse magnetic cascade

Gravitational
energy
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Large Eddy Simulations
The simplest example

Take the simplest non-linear evolution equation, Burgers:
1 2
Ou—+—=0u =0
2

Apply the filter and express your discretized equations only in terms of the
resolved evolved fields:

1 1 -
Oy + Q&EEQ =5 T T=1 —u2

The new sub-filter-scale tensor is not known, by definition.
It needs to be modelled (or ignored)

Models can be explicit (Sub-Grid Scale/residual-based models), or implicitly given by the
numerical dissipation (implicit LES, non-controllable and intrinsic to the scheme used)

Ricard Aguilera Miret 10



Large Eddy Simulations

Magnetic field amplification: MHD
DISCRETIZED EQUATIONS
d, (pi') + O |:35E|"'-F;"' — BB+ ot {?JI[FT,F‘} é_ H

— dﬁ [Tl-:m ]'Ill {!}h{}h“ ( T + éTELHIh j| (13}
8,8 + 0, [{s‘fﬁf . fafﬁ“] — g7k, (14)
5T+ |67 — (7B )B'| = a[7s, — T

UNKNOWN SFS TERMS . e . e s . .

Discretization (i.e., filtering) makes you lose some information

ki - p-.,lLe contained in the Sub-Filter Scales, in the non-linear terms of the
- fluxes.

. _ﬁ‘ _ BB
"“’ How to model them as a function of the known filtered values?
H — E;‘ — (VA B! — viBK)

ind :

1
Tpn:q —P F"‘ T Jm ajrrr
T =@ @#

adv

Tha = (V; B') B — (v;BI)BF

11
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Large Eddy Simulations
Subgrid-Scale modeling

flx, 1) = / " G(x - X f(x', ).

o —00

» Ideally, with infinite resolution, the kernel function is a Kronecker delta: ¢ (x—x')

* BUT:

e Qurworldis notideal ®

» Simulations have a grid cell size (A)

i . : 1/A; if |[x—X'|<Af/2
* Simplest kernel function: Step function: G;(|x—x'|) = [Ap i [x=x| <A/
0 otherwise

* BUT:

* Itis not suitable for analytical calculations involving derivatives...

Ricard Aguilera Miret 12



Large Eddy Simulations

Subgrid-Scale modeling: gradient model

* The finite resolution of a simulation can be thought as a filter of conserved
eauations:

8,0 + O F*a(U) = 9,74, 7 = k(@) — Ff(U).

* The gradient model assumes a Gaussian kernel:

f(x,1) = /:: G(x - x)f(x', nd*x. Gi(|x; — x|) = (41?5)”2 exp (_|I:4—;§|2)*
Moment(s) | Stepunctionkernel | Gaussiankarnel
Ko 1 1
Ky 0 0
M A%/12 2€ Iml
s 0 0

We obtain a Gaussian function that ressambles to a step function

up to the third moment!

Ricard Aguilera Miret 13



Subgrid-Scale modeling: gradient model

Large Eddy Simulations

* Its inverse Fourier transform, expanded in series of ¢, is:

* First-order Taylor series expansion of the Gaussian filter in the Fourier space.

oo

'jl”}.

n=I0

* For a generic filtered product, we can approximate its unknown filtered value

with the filtered fields and their gradients (that we know):

The new terms vanish by construction in the continuous limit

(as most SGS models do).

Ricard Aguilera Miret
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Large Eddy Simulations

Compressible non-relativistic MHD with the gradient model

[Vigano+ 2019]

DISCRETIZED EQUATIONS

O, (pi*) + Oy, [pﬁ‘f-r;'* _ BB 4 gt {pm, E) +

12
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2

1
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8,8 + 0, [{s“'ﬁi . iﬂ'E“] — 9 7h

-

} (13)

(14)

GRADIENT SGS MODEL TERMS

5T+ |67 — (7B )B'| = a[7s, — T
UNKNOWN SFS TERMS
kin =P V'V — pAv
= —P‘ _ BB
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Large Eddy Simulations

Gradient model for general relativistic MHD [Vigand+ 2020]
3,(/7D) + 9 [=p*\/¥D + a/y(N* —7%)] = 0, oy = —CEHy, 7 =—CEHY,
L=0, = —CEHY. ~—H —VB..VB/ —VE,.VE —E H%
r}rf\/r +{}£[_ﬁ \/_5 + a/y( Ti—fur;" )] = \./J_Rq *s i He=H,-VE; VB =VE; VE - EH;.
; VD . ik . ]
A (TU) + =P /TU + ay/7( (§% —7%)] = \/_RI Hy, = 2VD - Vo* + DHY, (48) He = o + = —= M
A (/TB') + O [/7(—p*B' + p'B*) HY = 2[VE - V(¥ ok) + E(0UHY + Vi - Vib)] B\ K
+ a/y(y¥ep + MY — 740 = /YRB', (20) b # T He — 2[VBI - VBt 4 VE . VEF + EVHY) Hy =Wy — (T" ; TBA)%
+&%[H, + VB;- VB + VE; - VE/ + E;H}],
) i o (49)
Oy P) + O[-p* /7P + aci/yB*] = VYR?, (21) S
HY = 4VBli . Vit 4 2BiHY (50)
@f.zé{V(E-E)rVB*—VG}rVE* %[ova V%' + B; VB’ - v(ﬁ-B)-iji}f-vé]}.
Pk 0[0\?3! Vit + BIVBY - V(7 - B) — BV - V@),
i &
Vo = ——=={VB,;-VB/ —VE, . VE/ — B, P} },
T e-E' ! Skl [Carrasco+, 2020]
&, — G2 .dp _,dp
A (‘” dz d“)
My W { (v@ V5 4 v@ VE)— @vp Ve
O—E (-7, (0-E)W + 7,0
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Large Eddy Simulations
Gradient model for general relativistic MHD [Vigano+ 2020]

Assumptions & Caveats

* The space-time metric is not “turbulent”, i.e., the gradient terms arising from metric components in
the fluid equations are neglected (verified by a-priori tests under typical conditions)

e Similarly, the SGS terms arising in the Einstein equations are not included, i.e., the steepness
(derivatives) of MHD fields are dominating the non-linearity of the turbulence.

* The SGS modelling mimics the dynamics down to finite “depths” inside the cell: if physical dynamics
qualitatively differ at much smaller scales, there is nothing one can do.

Ricard Aguilera Miret 17



BNS Mergers
Methods & Models considered [Palenzuela+ 2022]

MHDuet code generated with Simflowny sowftware

Einstein equation 4t" order accurate finite differences A

Kreiss-Oliger 6t order dissipation _

Fluid MP5 reconstruction scheme + Lax-Friedrichs flux splitting formula N”rt‘:]er(;cal
methnodas

LES 4t" order differential operators for SGS terms

4th order Runge-Kutta )
CCZ4 formulation of Einstein equations. N\
Initial data by Lorene code, equal masses (1.3 Msun),
quasi-circular orbits separated by 37 km > Physical setup
Magnetic fields initially 101! G, confined to each star
Hybrid EoS: piecewise APR4 + ideal Y,
Case |Ca | Refinement levels | ALy [km]|Asin [m]
IR | 0 7 FMR 28,28 120
MR | 0 |7 FMR + 1 AMR| [-13,13] 60
HR | 0 |7 FMR + 2 AMR| [11,11] 30
LR LES| 8 7 FMR [-28,28] 120
MR LES| 8 |7 FMR + 1 AMR/| [-13,13] 60
o HR LES| 8 |7 FMR + 2 AMR| [-11,11] 30
icard Agullera Miret MR BO | 8 |7FMR + 1 AMR| [-13,13] 60 e




BNS Mergers
Binary NS evolution [Palenzuela+ 2022]

log|B|

le+17

Magnetic field strength att = (0.5, 1.5, 2, 2.5, 3.5, 5, 10, 15) ms
Ricard Aguilera Miret Constant density surfaces in 1013 and 5 x 1014 g / cm3 o



BNS Mergers

Binary NS evolution [Palenzuela+ 2022]
1016 i ==
_________________________________ G‘ 1019 4
2oy £ L < B,y > HR
- R 1 g < Bior > HR
—— LRLES A 101, --- < B,, >HRLES
——-= MR v -== < B, > HR LES
—— MRLES 1012 4 —— < By >MRLES
- Eﬁ e —— < By, > MR LES
' 10!
R e —— i
O, 1p4
Ap )
T
A
m 101'3
V
101? J
0 10 20 30 0 10 20 30
t— tm.e'r'ge'r' [ms} t— tmer'gef' [ms]

Saturation of magnetic field in t < 5 ms and convergence

of averaged magnetic field strength and components!!
Ricard Aguilera Miret 20



BNS Mergers

Binary NS evolution [Palenzuela+ 2022]

— Kinetic

Magnetic field

1077 —== Magnetic
=== Poloidal L.
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o structure:
%m‘ e ‘__ ***** N
J.U'-'l"'" “/,"” t = 10 mS 9 700 m
) t=50ms =2 2 km
10% 1 Ny
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1057 === Magpnetic
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107 \__'_ Torﬂidal
% - A 5/3
< [ (R . 3/2
& pHE —————
= F_227% —~
% ," ‘:‘:f’f :?'"'\
100 Lwe®,2”
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Elem™ l]
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Ricard Aguilera Miret Spectra of the kinetic and magnetic energy (poloidal and toroidal) 21



BNS Mergers
Binary NS evolution (diferent topologies) [Aguilera-Miret+ 2022]

Does the initial magnetic field strength
and topology matter at all?

Dependence on the initial magnetic field topology

Consider different initial topologies of the magnetic
field inside the star before the merger

1) Dipolar magnetic field <B>~ 10! G (Dip) Ay I'Q(P‘ — Peut)

~

2) Dipolar magnetic field <B>~ 10'* G (Bhigh)

3) Dipolar with magnetic moment perpendicular to
the z-axis <B>~ 101! G (Missaligned)

4) Multipolar magnetic field <B> ~ 101! G (Multipolar)

Ay x sin® @ (1 4+ cos8) (P — P.y;).

Ricard Aguilera Miret 22



BNS Mergers
Binary NS evolution (diferent topologies) [Aguilera-Miret+ 2022]

z

' 7
1
1

SRR

Dip

Bhigh

Missaligned

Multipolar

Ricard Aguilera Miret t=2ms t=5ms t=10ms t=20ms 23



BNS Mergers
Binary NS evolution (diferent topologies) [Aguilera-Miret+ 2022]

1016_

[ TR T NN N e e T e M R LU L

<|B| > 13 [G]

1012_

1011_

0 5 10 15 20 25 30
t-tmerger [ms]
Comparable averaged magnetic fields!!

Ricard Aguilera Miret 24



BNS Mergers

Binary NS evolution (diferent topologies) [Aguilera-Miret+ 2022]

i . Jﬂ'{n't’\‘l'i"r.{
s '.:.':.‘:‘M Q”i 4
\”ﬁ
105 104 1075 104
k [em™1]

‘: yraun »y
arsfeaail
R DML S5 230

--------

10-4 10-5 104 10-5

104
k [em™1] k [cm™1] k [cm™1]

Comparable magnetic field spectra (both toroidal and poloidal part)!!
Ricard Aguilera Miret

25



Conclusions

Turbulent MHD in BNS cannot be fully captured with DNS in the near future in long simulations - affects the dynamics of the
remnant and jet/kilonova = LES

Average magnetic fields are amplified <B>~10'' G - 10%® G in t < 5 ms after merger (bulk)
The winding up effect change the magnetic spectra after the KHI from Kazantsev (3/2) to Kolmogorov (-5/3) power law

The LES + SGS models allows to include part of the unresolved dynamics, effectively increasing the accuracy of the solution and
saving of computational time - quick (convergent) saturation of the magnetic field during the merger.

. The initial magnetic field strength and topology DOES NOT MATTER at all... as long as you can resolve the KHI that
causes a turbulent amplification of the magnetic field. The turbulent magnetic field is isotropic and erases any
dependence on the initial magnetic field topology and strength.

The formulation is general and can be applied to BNS post-merger or any scenario where the small scales are important.
&
/ N SR

q@

8
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Large Eddy simulations

Simflowny platform (developed by IAC3)

aroaRms

[Arbona+ 2018, *
Palenzuela+ 2018, .
Vigano+ 2019]

https://bitbucket.org/iac3/simflowny/
Ricard Aguilera Miret

Simflowny public platform:

High-order accuracy methods
Any evolution equation (time
dependent PDE)

Adaptive Mesh Refinement +

Parallelization by SAMRAI .
37




Large Eddy simulations
Sub-grid-scale modeling: dissipative

Turbulent viscosity term in the momentum equation (prop. to strain rate) and
turbulent resistive term (prop. to current) in the induction equation.

1'I'Ill::-ién _ 'ﬁ'gﬁl‘ql‘qh‘
r_:. | J-rl —.I!-.'t

mel A% — ‘-.-"'ﬁ

Applied also in GRHD mergers [Radice 2017-2020, Shibata & Kouichi 2017]:
Tj = _2FT(E+ p)wz {% (DEITj'i' D;ET:) - %Dkgr}’i}'] ) UT — JFrmx Cs

It only allows transfer from large to small scales. It can simulate the effective
viscous magnetic force but not inverse (non-local) cascades.

Ricard Aguilera Miret
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Large Eddy simulations
Simulating large eddies, modeling small eddies

0.25 0.25 0.06
0.04
0.20 0.20
0.02
0.15
0.15 0.00
—-0.02
0.10 0.10
-0.04
0.05 0.05
-0.06

Original resolution Filtered resolution Sub-Filter Scale loss

[(Z.6) = T(@E ) + (@)

-7
\

F(x, 1) = [ * G(x = x)f(x', N Y.

How is it applied with non-linear evolution equations?

Ricard Aguilera Miret
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Large Eddy simulations
Sub-grid-scale modeling: gradient model

Consider evolution equations with fluxes and conserved variables as a
function of primitive variables P

E}FE':! _|_ E}iFﬁ.:! Ej‘j‘l — E}ﬁ_ Eﬁ.:! * e — fu ”'.v‘| Pa = (’f—]ju (£‘| — y”l:f:l.
j".ru — gu IIE\l

The SFS residuals are

—iu . Fha(‘pﬁ _ Fhaflpjh

and can be modelled by alternative formulations:

h! B E(ﬂtha df)b

——V2Ce - VRFka(p) |,

arFiu

= —E? V.

Depending on the non-linear form in fluxes, expressions can be cumbersome
Ricard Aguilera Miret 42
42



Large Eddy simulations
Compressible MHD: a-priori test for different SGS models

17 gradient T dissipative Thom Cross-helicity
oess. = 5.0.05. Gradient model
_ _ outperforms the other
QL ()]
3 5 models tested for all:
0.0e+00 | / £ 0.0e+00 . £ 0.0e+00 '
wn wn
o o
@ o * Tensor components
-2.0e-05 5.0e-05 1
-2.0e-04 .
: . . . . * Resolutions
-2.0e-05 0.0e+00 2.0e-05 -2.0e-05 0.0e+00 2.0e-05 -2.0e-05 0.0e+00 2.0e-05
SFS SFS SFS
s T, gradient T, dissipative T, cross-helicity * Filter sizes
| 2:0e-051 2.0e-05
* Initial conditions
0] o]
3 3 .
0.0e+00 / £ 0.0e+00+ — £ 0.0e+00 - ¢ T|mes
) ()]
O Q
(V2] v
s —— 2.0e-05 [Vigano+ 2019]
U 10005 006400 1.0e-05 1.0e-05 0.0e4+00 1.0e-05 -1.0e-05 0.0e+00 1.0e-05
QFS QFS GFS

See also Machine Learning SGS models applied to the same problem
in 2D can perform better [Rosofsky & Huerta 2020]
Ricard Aguilera Miret (but how costly is to train them?) 44



Large Eddy simulations

Assessment with KHI box simulations [Vigand+ 2019]

L
Jg_o .
O\'&MUOM

Ricard Aguilera Miret
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Compressible MHD:

Large Eddy simulations
a-posteriori test [Vigano+2019]
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103

10t

Compare high resolution runs with low resolution +
SGS.

Need for large values of the free parameter C.
Probably due to the numerical dissipation of the
scheme.

I Effective resolution x8 !!
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Gradient model for different filtering

Large Eddy simulations
[Carrasco+ 2020]

L0 Gradient Ty Gradient Ty
£ ol ;
g 08 - :
o -—=" : *
£ 0 T T AT .,
5 06| ; P .,--
o N — T ——
. 0.4 : ;; *--"""'--..--"*}
=] — 1024 =2 .
E 0.2 —= 102d%5,=4 :
1) — 1024*5.=8 :
& po w1024 S= 16 e—
5 10 15 20 5 10 15 20
Time Time
10 Gradient Ty Gradient Ty
- — .""l [
go8 - \ Y
[ ks i = =
KL IR B S
=] - S """-'-'.t.'r’.“.-"‘
Copal- o
E‘ 1024% 5 2
E 0.21 == 1024*5,=4
7} — 10FAT 5=8
B 0.01 . 1024°5=16 —_———— |
5 10 15 20 5 10 15 20
Time Time
1.0 Gradient Ty Gradient Ty
B [ N I
5 08 . ?_--.-"‘-.. =
G =TT |. ""'h-'l-u__
E 0.6 1--"'"'.- S O
g .-""F—.i-.
c 0.4 —_— +
g T =LA
g U-z . = ne - k
@ — 1024'5=8
& 0.0 e 10247 5= 16 -
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Ricard Aguilera Miret Time Time

Pl md
=] n

[}
Best-fit parameters

est-fit parameters

2.2

= ™
=] =
it parameters

-
-]

14

est-f

[
(]
B

Higher filter: more information loss:
more difficult to fit.

Applying the SGS gradient model
partially includes the physics which
would appear with an effective
resolution higher by a factor of a
few.
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Large Eddy simulations
Gradient model for general relativistic MHD _ [vigans+ 2020]

10-2 1072

103 10-3
1] 1]
= =4 = -4
o 10 ) v 10
B 10-5] e 8 10-
21077, . 210
Do 2o .
Enlﬂ & En].ﬁ] 64 Q:.‘”;“ .
@ ] 'J.Il:':\:'_‘l"".':'- 'y
c 1077 c 1077 :""
w T }:_;::'

10-%; 10-8{"

109, 10-94

10! 102 103 10! 102 103 10t 102 102
k k k

FIG. 6. Box simulations in 3D: A posteriori tests in curved background. Kinetic (solid lines) and magnetic (dashed lines) energy
spectra at 1 = 20 for y = 1 (left panel), y = [0.20 — 0.90] (middle panel), and y = [0.20 —0.24] (right panel) of a box simulation,
compared with higher resolution and C = 8.

We again find excellent results for a
variety of fixed space-time backgrounds.

Magnetic energy
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