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Magnetic fields are expected to play a key role in the dynamics and the ejection mechanisms that
accompany the merger of two neutron stars. General relativistic magnetohydrodynamic (MHD)
simulations offer a unique opportunity to unravel the details of the ongoing physical processes.
Nevertheless, current numerical studies are severely limited by the fact that any affordable resolu-
tion remains insufficient to fully capture the small-scale dynamo, initially triggered by the Kelvin-
Helmholtz instability, and later sourced by several MHD processes involving differential rotation.
Here, we alleviate this limitation by using explicit large-eddy simulations, a technique where the
unresolved dynamics occurring at the sub-grid scales (SGS) is modeled by extra terms, which are
functions of the resolved fields and their derivatives. The combination of high-order numerical
schemes, high resolutions, and the gradient SGS model allow us to capture the small-scale dynamos
produced during the binary neutron star mergers, as shown in previous works. Here we follow the
first 50 milliseconds after the merger and, for the first time, we find numerical convergence on the
magnetic field amplification, in terms of integrated energy and spectral distribution over spatial
scales. Among other results, we find that the average intensity of the magnetic field in the remnant
saturates at ∼ 1016 G around 5 ms after the merger. After 20− 30 ms, both toroidal and poloidal
magnetic field components grow continuously, fed by the winding mechanism that provides a slow
inverse cascade, i.e. gradually transferring kinetic into magnetic energy. We find no clear hints for
magneto-rotational instabilities, and no significant impact of the magnetic field on the redistribu-
tion of angular momentum in the remnant in our simulations, probably due to the very turbulent
and dynamical topology of the magnetic field at all stages, with small-scale components largely
dominating over the large-scale ones. Although the magnetic field grows near the rotation axis
of the remnant, longer large-eddy simulations are necessary to further investigate the formation of
large-scale, helical structures close to the rotational axis, which could be associated to jet formation.

I. INTRODUCTION

The breakthrough binary neutron star (BNS) merger
event GW170817 marked the first multimessenger obser-
vation of a gravitational wave (GW) source and proved
the huge scientific potential of these merging systems
[1, 2]. Besides providing the long-awaited compelling
evidence that BNS mergers can produce powerful jets
and SGRBs [3–15] as well as a copious amount of
heavy r-process elements (e.g., [16–20]; see also [21] and
refs. therein), this event allowed for the first GW-based
multimessenger constraints on the neutron star (NS)
equation of state (EoS) [3, 22] and the Hubble con-
stant [23]. Nonetheless, crucial aspects of the merger
and post-merger dynamics remain uncertain, including
the actual mechanisms behind jet formation and matter
ejection (e.g., [24]).

Numerical relativity simulations of merging BNSs rep-
resent the ideal approach to unveil the details of the

physical processes involved in events like GW170817. In
this context, the last decade has been characterized by a
rapid progress towards a higher and higher degree of re-
alism with the inclusion of fundamental ingredients such
as magnetic fields, temperature and composition depen-
dent EoS, and neutrino radiation (see, e.g., [25–29] for
recent reviews). In particular, magnetic fields are known
to play a key role in the post-merger evolution, in pow-
ering relativistic jets, and in shaping the electromagnetic
counterpart signals in general (e.g., [28] and refs. therein).
However, magnetohydrodynamics (MHD) increases sig-
nificantly the complexity of the simulations and poses
new computational challenges.

The amplification of magnetic fields during and af-
ter merger up to total magnetic energies of the order
of 1051 erg is due to different mechanisms, including
the Kelvin-Helmholtz instability (KHI, e.g., [30, 31]),
the Rayleigh-Taylor instability (RTI, e.g., [32]) and the
magneto-rotational instability (MRI, [33–37]), that act
on very small scales and cannot be fully captured with
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the current affordable resolutions. Even the highest reso-
lution (and computationally most expensive) simulations
being performed nowadays are far from completely re-
solving these instabilities along with the associated MHD
turbulence [38]. Different approaches have been proposed
to overcome the above limitations and incorporate at
least in part the effects of unresolved MHD processes.

One of the most common approaches is to impose a
very strong initial magnetic field ≥ 1014G (e.g., [38–43]),
many orders of magnitude larger than the values inferred
from current observations [44], in order to compensate for
the inability to capture the KHI-induced amplification.
However, the quantitative results obtained within this
approach might not be fully reliable, since the amplifica-
tion via KHI is more efficient on the under-resolved small
scales and induces a turbulent flow which should not pre-
serve the initial large-scale ordered field. One promis-
ing alternative relies on large-eddy simulations (LESs),
a technique in which the evolution equations are mod-
ified to account for the unresolved subgrid-scale (SGS)
dynamics (e.g., [45]). Within this approach, the general
relativistic MHD (GRMHD) equations are modified by
including new terms into the induction equation [46–48].
Although the results of these studies show an effective
growth of the magnetic field, they rely on arbitrarily tun-
ing parameters of the extra terms, losing any predictive
character. Other approaches have centered their atten-
tion on the turbulent viscous effect induced by the mag-
netic fields during the post-merger phase, evolving vis-
cous hydrodynamics (HD) in substitution of the MHD
equations [49–52]. These models mimic small-scale dissi-
pation only, therefore they are unable to capture the dy-
namo mechanism (which usually include additional pro-
cesses, like kinetic-magnetic energy transfer and mag-
netic inverse cascade) and depend on physical parame-
ters to be calibrated via very high resolution GRMHD
simulations (e.g., [53]).

A more sophisticated alternative, based on the so-
called gradient SGS model [54, 55], has been first ex-
tended to compressible MHD [56], and more recently also
to special and general relativistic MHD [57, 58]. The gra-
dient SGS model relies on the mathematical Taylor ex-
pansion of the non-linear fluxes of the MHD equations as
a function of the resolved fields, with no a-priori physical
assumptions. The inclusion of these SGS terms in the
equations allows to recover, at least partially, the effects
that the unresolved sub-grid dynamics induce over the re-
solved scales. Each SGS term has a free normalization of
order unity, which needs to be magnified to compensate
for the numerical dissipation of the employed numerical
scheme. In our scheme, enhancing such normalization
for the induction equation SGS term, allows to improve
the convergence of the magnetic amplification excited by
the KHI, both in box simulations [57, 58] and in binary
neutron star mergers [59].

In this paper, we present a set of simulations with
and without SGS terms at different resolutions (finest
grid spacing of 120, 60, and 30 m) for an equal mass

BNS merger with a chirp mass that is consistent with
GW17018 and a maximum initial magnetic field strength
of 5 × 1011 G. The adopted EoS, a hybrid gamma-law
EOS based on a piece-wise polytropic approximation of
APR4 [60] (as implemented in [61]), leads to a rem-
nant NS which does not collapse to a back hole (BH)
within the timespan of the simulations (up to 50 ms post-
merger). We study the magnetic field amplification dur-
ing and after merger and, for the first time, we find con-
vergent results for the magnetic field growth in presence
of SGS terms, also consistent with the highest resolu-
tion result without SGS terms. We then investigate the
impact of magnetic fields on various aspects of the post-
merger dynamics, including the evolution of the differ-
ential rotation profile of the remnant NS, the prospects
for jet formation, matter ejection, and post-merger GW
emission.

The paper is organized as follows. Section II introduces
our GRMHD LES approach, the numerical methods and
setup, the initial data, and a number of useful analysis
quantities. In Section III, we recall a few fundamental
notions that are at the base of our results, which are then
presented in detail in Section IV. Finally, our concluding
discussion is given in Section V.

II. NUMERICAL SETUP

A. Evolution equations: GRMHD LES

The concept and the mathematical foundations behind
LES with a gradient SGS approach have been exten-
sively explained in our previous works (and references
therein) in the context of Newtonian [56] and relativistic
MHD [57–59], to which we refer for details and further
references. In the present work, we will evolve the full
GRMHD equations with Gradient SGS terms, exactly as
described in our previous paper [59] (but using a different
EoS that will be introduced in Sec. II C).

The spacetime geometry is described by the Einstein
equations. The covariant field equations can be written
as evolution equations by performing the 3 + 1 decompo-
sition (see, e.g., [62]), in which the line element can be
written as

ds2 = −α2 dt2 + γij
(
dxi + βidt

)(
dxj + βjdt

)
, (1)

where α is the lapse function, βi the shift vector, γij
the induced 3-metric on each spatial slice, and

√
γ is

the square root of its determinant. In this work, we use
the covariant conformal Z4 formulation of the evolution
equations [63, 64]. A summary of the final set of evolu-
tion equations for the spacetime fields, together with the
gauge conditions setting the choice of coordinates, can
be found in [65].

The GRMHD equations for a magnetized, non-
viscous and perfectly conducting fluid [48] provide a
set of evolution equations for the conserved variables
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γD,
√
γSi,

√
γU,
√
γBi

}
. These conserved fields are

functions of the rest-mass density ρ, the specific internal
energy ε, the velocity vector vi and the magnetic field Bi

(primitive fields), namely:

D = ρW , (2)

Si = (hW 2 +B2)vi − (Bkvk)Bi , (3)

U = hW 2 − p+B2 − 1

2

[
(Bkvk)2 +

B2

W 2

]
, (4)

where W = (1− v2)−1/2 is the Lorentz factor. The pres-
sure p is obtained from the EoS as detailed in Sec. II C.

The full set of evolution equations, including the hyper-
bolic divergence cleaning via damping of a new field φ [65]
and all the gradient SGS terms, can be found in [58, 59].
Following our previous studies, and since we are mostly
interested in the magnetic field dynamics, we include only
the SGS term appearing on the induction equation,

∂t(
√
γBi) + ∂k[

√
γ(−βkBi + βiBk)

+α
√
γ(γkiφ+Mki − τkiM )] =

√
γRB

i , (5)

where Mki = Bivk − Bkvi, while the source term RB
i

is related to the divergence cleaning field (see [58] for its
explicit expression). The SGS tensor is given by

τkiM = − CM ξ Hki
M , (6)

where the explicit expressions for the tensor Hki
M in terms

of field gradients are quite lengthy and can be found in
the Appendix A of [59].

Although the pre-coefficient CM is meant to be of or-
der one for a numerical scheme having a mathematically
ideal Gaussian filter kernel and neglecting higher-order
corrections, the value that best mimics the feedback of
small scales onto the large scales in a LES can differ de-
pending partially on the numerical methods employed
and on the specific problem, as discussed in [56–59]. In
this work, we will set CM = 8, which has been shown
to reproduce the magnetic field amplification more accu-
rately (i.e., comparing with very high-resolution simula-
tions) for our numerical schemes [58, 59]. Note that less
dissipative numerical schemes would need smaller values
of CM. Hereafter, we refer to this particular choice of
SGS terms as LES, as opposed to a standard simula-
tion with no SGS terms (i.e., CM = 0). The coefficient
ξ = γ1/3∆2/24 is proportional to the spatial grid-spacing
squared –typical for SGS models– and hence ensures by
construction the convergence to the continuous limit.

B. Numerical methods

As in our previous works, we use the code MHDuet,
generated by the platform Simflowny [66, 67] and based
on the SAMRAI infrastructure [68, 69], which provides
the parallelization and the adaptive mesh refinement.
The code has been deeply tested for different scenar-
ios [58, 65, 70, 71], including basic tests of MHD and

GR. In short, it uses: fourth-order-accurate operators for
the spatial derivatives in the SGS terms and in the Ein-
stein equations (the latter are supplemented with sixth-
order Kreiss-Oliger dissipation); a high-resolution shock-
capturing (HRSC) method for the fluid, based on the
Lax-Friedrich flux splitting formula [72] and the fifth-
order reconstruction method MP5 [73]; a fourth-order
Runge-Kutta scheme with sufficiently small time step
∆t ≤ 0.4 ∆ (where ∆ is the grid spacing); and an ef-
ficient and accurate treatment of the refinement bound-
aries when sub-cycling in time [74, 75]. A complete as-
sessment of the implemented numerical methods can be
found in [65, 70].

The binary is evolved in a cubic domain of size
[−1204, 1204] km. The inspiral is fully covered by 7
Fixed Mesh Refinement (FMR) levels. Each consists of
a cube with twice the resolution of the next larger one.
In addition, we use up to 2 Adaptive Mesh Refinement
(AMR) levels, covering the regions where the density is
above 5 × 1012 g cm−3 and providing a uniform reso-
lution throughout the shear layer. We compare simu-
lations with 0–2 AMR levels, labeled LR,MR,HR, but
same FMR grid. This set up allows us to study the con-
vergence in the bulk region, which is our main interest,
while saving resources in the outer envelope. With this
grid structure, we achieve a maximum resolution of ∆min

in a domain ∆Lmin covering at least the most dense re-
gion of the remnant. The specific values of these grid
parameters, for the different resolutions considered here,
can be found in Table I.

C. EoS and conversion to primitive variables

We consider a hybrid EoS during the evolution, with
two contributions to the pressure. For the cold part, we
use a tabulated version of the piecewise polytrope fit to
the APR4 zero-temperature EoS [60], with a modification
to prevent superluminal speeds [61]. The contributions
of thermal effects are modeled by the gamma-law pth =
(Γth − 1)ρε, with adiabatic index Γth = 1.8.

The conversion from the evolved or conserved fields to
the primitive or physical ones is performed by using the
robust procedure introduced in [76]. Following a com-
mon practice in GRMHD simulations, the surrounding
regions of the neutron stars are filled with a relatively ten-
uous, low-density atmosphere, which is necessary to pre-
vent the failure of the HRSC schemes usually employed
to solve the MHD equations. To minimize unphysical
states of the conserved variables outside the dense re-
gions, produced by the numerical discretization errors of
the evolved conserved fields, we enforce a minimum den-
sity in the atmosphere of 6 × 105 g cm−3, while setting
the velocity to zero and the magnetic field to its previous
value in these regions.

In addition, we apply the SGS terms only in regions
where the density is higher than 6×1013 g cm−3 in order
to avoid possible spurious effects near the stellar surface
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and in the atmosphere. Since the remnant’s maximum
density is above 1015 g cm−3, the SGS model is still ap-
plied to a considerable volume, but only in the most dense
regions of the star. Even though, it still allows us to cap-
ture the MHD instabilities leading to a strong amplifica-
tion of the magnetic field soon after the merger. In any
case, we would like to remind that our grid set up allows
us to study the convergence only in the bulk region.

D. Initial conditions

The initial data is created with the Lorene pack-
age [77], using the APR4 zero-temperature EoS described
above. We consider an equal-mass BNS in quasi-circular
orbit, with an irrotational configuration, a separation of
45 km and an angular frequency of 1775 rad s−1. The
chirp mass Mchirp = 1.186 M� is the one inferred in the
refined analysis of GW170817 [22], implying a total mass
M = 2.724 M� for the equal mass case.

Each star initially has a purely poloidal dipolar mag-
netic field that is confined to its interior, calculated from
a vector potential Aφ ∝ R2(P − Pcut), where Pcut is
a hundred times the pressure of the atmosphere, and
R is the distance to the axis perpendicular to the or-
bital plane passing through the center of each star. The
maximum magnetic field (at the centers) is 5 × 1011 G.
This is orders of magnitude lower than the large initial
fields used in other simulations (e.g., [31, 38–42]) and not
too far from the upper range of expectations for old NSs
(e.g., [78]). Such values are also at the lower border of
computational feasibility, since the accurate evolution for
too small ratios of magnetic-to-kinetic pressure is ham-
pered by discretization errors. Nevertheless, the initial
topology is quickly forgotten after merging: acting only
as a seed for the KHI, it has a negligible effect on the
final magnetic field configuration of the remnant, as long
as the initial values are not too large (B . 1013 G for
a medium resolution), as we show in an accompanying
paper [79].

E. Analysis quantities

Below, we introduce definitions of several integral
quantities that we use to monitor the dynamics in differ-
ent regions. For instance, we compute suitable averages
of the magnetic field strength; the fluid angular velocity

Ω ≡ dφ
dt = uφ

ut (where ua ≡ W (−α, vi) denotes the fluid

four-velocity); and the plasma beta parameter, β = 2P
B2 .

The averages for a given quantity q over a certain region
N will be denoted generically by,

<q>ba =

∫
N q dN∫
N dN

, (7)

where N stands for a volume V , a surface S, or a line
`, and the integration is restricted to regions where the

mass density is within the range (10a, 10b) g/cm3. If b
is omitted, it means no upper density cut is applied. In
particular, we define averages over the bulk of the rem-
nant as <q>13, and averages over the envelope as <q>13

10.
Surface integrals are carried out over a cylinder S with
axis passing through the center of mass1 and orthogo-
nal to the orbital plane. Line integrals are carried out
along circles ` around the same axis. In cylindrical coor-
dinates (R,φ, z), the relevant surface and line elements
are, respectively:

dS =
√
γzzγφφ − γ2zφ dφdz,

d` =
√
γφφ dφ.

We also compute global quantities, integrated over the
whole computational domain, such as the total baryonic
mass Ebar, magnetic energy Emag, thermal energy Eth
and rotational kinetic energy Erot, defined by:

Ebar =

∫
ρW
√
γdx3, (8)

Emag =
1

2

∫
B2√γdx3, (9)

Eth =

∫
ρW (ε− εcold)

√
γdx3, (10)

Erot =
1

2

∫
ΩT tφ
√
γdx3, (11)

where T tφ are just the time-azimuthal components of the
stress-energy tensor for a perfect fluid.

An informative way to analyze the results is by com-
puting the distribution of the kinetic and magnetic en-
ergies over the spatial scales, simply called spectra here-
after, and defined respectively as:

Ek(k) =
L34π

(2π)3N6
< k2|√̂ρ~v|2(~k) >k , (12)

Em(k) =
L34π

(2π)3N6
< k2| ~̂B|2(~k) >k , (13)

where L = 32 km is the size of a dominion containing the
densest part of the remnant over which we perform the
fast Fourier transform (indicated here by the wide hat),
k ∈ [2π/L, π/∆] is the radial wavenumber, <>k is the
average over the spherical surface in the Fourier space
corresponding to a fixed radial wavenumber kr = k, and
N = L/∆ is the number of points per each direction (en-
suring the correct normalization). For the magnetic spec-
tra, we also calculate the poloidal and toroidal contribu-
tions separately. Further details of the numerical proce-
dure to calculate the spectra can be found in [58, 59, 70].
Notice that in those works the spectra was calculated
using only the solution within the bulk of the remnant

1 The center of mass is calculated using the non-relativistic for-
mula.
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(i.e., by setting to zero the fields below a certain thresh-
old density). Here, in order to preserve the large wave-
length modes and to include at least partially the so-
lution in the outer envelope, we decided not to modify
the fields whatsoever. This choice comes at the price of
not having periodic boundary conditions in our domin-
ion, which will induce a artificial pile-up of energy at very
high wave-numbers. With these spectrum distributions
we can define the spectra-weighted average wavenumber

k̄ ≡
∫
k
k E(k) dk∫
k
E(k) dk

(14)

with an associated length scale δR = 2π/k̄ which repre-
sents the typical coherent scale of the structures present
in the field.

Although it is not the main goal of this article, we also
compute the ejected mass and the GWs emitted by the
system. The ejected mass is estimated from the flux of
unbound mass crossing a sphere of radius r far away from
the source, namely

Ṁej =

∫
αJrr2

√
γdΩ , Jr = ρW

(
vr − βr

α

)
(15)

The gravitational radiation is described in terms of the
Newman-Penrose scalar Ψ4, which can be expanded in
terms of spin-weighted s = −2 spherical harmonics [80,
81], namely

rΨ4(t, r, θ, φ) =
∑
l,m

Cl,m(t, r)Y −2l,m(θ, φ). (16)

The coefficients Cl,m are extracted from spheri-
cal surfaces at different extraction radii rext =
(150, 300, 450) km. The angular frequency of each
gravitational-wave mode can be calculated easily from:

ωl,m = −=
(
Ċl,m
Cl,m

)
. (17)

We recall that the angular frequencies ωsrc of remnant
oscillations are related to the resulting GW components
by ωl,m = mωsrc.

III. THE BIG PICTURE

The dynamics during the merger and post-merger is
very rich, so one could expect several MHD processes
operating to amplify and sustain the magnetic field in
timescales up to hundreds of milliseconds. These pro-
cesses have been analytically studied under idealized con-
ditions: however, since our scenario is very non-linear
and highly dynamical, it is not easy to clearly distinguish
them. First, the shear layer that forms when the surfaces
of the NSs touch is subject to the KHI. The Rayleigh-
Taylor instability (RTI) could also play a role and to-
gether they can generate a turbulent state, that can lead

to a small-scale dynamo. Secondly, the MRI [33, 34] can
also amplify the magnetic field and maintain a turbulent
state in the remnant, as suggested by global numerical
simulations [35–37]. In addition, the differential rotation
tends to wind up the magnetic field lines. Here we review
some of the relevant aspects.

• Kelvin-Helmholtz instability (or dynamical shear
instability): in a shear layer of thickness d between
two fluids moving with opposite directions, all the
modes with wavelength λ > d are going to be unsta-
ble and produce vortexes with a growth rate given
by (see, e.g., [30])

σ =
π∆v

λ
(18)

where ∆v is the jump in velocity across the shear
layer. As a result of this vortex motion, magnetic
fields are wound and their strength are amplified in
an exponential manner within a timescale given by

tKHI ∼ σ−1 ∼ 10−3 ms

(
λ

1 km

)(
0.5c

∆v

)
(19)

which is much smaller than the characteristic
timescale of the system. Note that smaller wave-
lengths grow faster, inducing a turbulent state that
further amplifies the magnetic energy via small-
scale dynamo processes.

• Rayleigh-Taylor instability: it operates on the in-
terface between two fluids where the density gra-
dient is misaligned with the direction of the lo-
cal gravitational field. The instability character-
istically evolves with rising bubbles of less dense
fluid and sinking spikes of more dense fluid that
propagate away from the interface. The nonlinear
interaction of the bubbles and the spikes induces
a region of turbulent mixing. It has been recently
proposed [32] that the small-scale dynamo driven
by RTI turbulence might help to explain the ob-
served magnetic energy amplification, on the time
scale of microseconds, developing in the outer re-
gions of the remnant, which would act complemen-
tary to amplification by the KHI observed mostly
in the core.

• Magneto-rotational instability (MRI, or magnetic
shear instability): originally studied for disks [33],
it requires a differential rotation, ∂RΩ < 0, e.g.
in a Keplerian disk, Ω = ΩK ∼ R−3/2. Assum-
ing idealized condition of a very smooth large-scale
magnetic field (usually uniform in the vertical or
azimuthal direction, or dipolar), some modes can
quickly grow at the expenses of the rotational en-
ergy. These modes consist of adjacent channels
having different angular momentum and magnetic
fluxes, with a spatial width corresponding to the
fastest growing MRI modes. At the end of the first
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exponential growth phase, the instability saturates
and the channels dissolve into a turbulent flow fea-
turing a complex magnetic field topology. These
channel-flow structures (and the subsequent turbu-
lent state, which increases the effective viscosity of
the fluid) redistribute angular momentum from in-
ternal regions to external ones. The characteristic
timescale and wavelength for the fastest growing
mode may be estimated (see, e.g., [82]) by

tMRI = 2
∣∣∣ ∂Ω

∂ lnR

∣∣∣−1 ≈ 4

3Ω

≈ 0.1 ms

(
10 rad/ms

Ω

) (20)

λiMRI ≈
2π

Ω
viA ≈ 600 m

(
10 rad/ms

Ω

)
×
(

B̄i

1016 G

)(
1015 g/cm3

ρ̄

) 1
2

(21)

where viA = B̄i/
√

4πρ̄ is the Alfven speed in the
direction xi and we have assumed a Keplerian pro-
file. Here B̄i, ρ̄ represent the mean values (i.e., in
space and time) of the magnetic field and the den-
sity. Note that in a turbulent flow B̄i = 0 and
the previous estimates are meaningless for two rea-
sons. The first one is that it is necessary to in-
troduce and effective Alfven speed, as we will dis-
cuss later. The second one is that the fundamen-
tal assumption of the linear analysis leading to the
instability phase requires idealized, very smooth
(i.e., over lengthscales much larger than λMRI) and
static (i.e., over timescales much longer than tMRI)
background magnetic fields. As we will show, this
condition is very hardly satisfied in the BNS post-
merger scenario, consisting since the very beginning
of a very dynamical, small-scale dominated mag-
netic field. Although the MRI could still play a
role, the quantitative estimations of the fast grow-
ing modes λMRI are in general not reliable.

• Winding up effect: for axisymmetric configurations
it is easy to show (see, e.g., [82]), using the induc-
tion equation and the solenoidal constraint, that
the toroidal magnetic field BT ≡ RBφ will grow
linearly as

|BT | = tR
∣∣∣BR ∂Ω

∂R

∣∣∣ ≈ 3

2
Ωt|BR| (22)

where we have assumed again a Keplerian profile to
obtain the last relation. The twisting of the mag-
netic fields increases its tension, which will grow un-
til it can eventually brake the fluid motion, approxi-
mately when the toroidal magnetic energy B2

T /(4π)
reaches the rotational energy ρR2

∗Ω
2 (R∗ being the

typical radius of the remnant). Using the expres-
sion Eq. (22) for BT , the magnetic braking occurs

in a timescale given by

tbrake ∼
R∗
vRA
≈ 15 ms

(
R∗

15 km

)
×
(

1016 G

B

)(
ρ

1015 g/cm3

) 1
2

(23)

Note that most of the previous estimates are performed
under the linear analysis of a background smooth, ide-
alized magnetic field topology (e.g., purely vertical, or
toroidal) and fluid flow. This does not necessarily apply
to the situation after merger. For example, the vorticity
field of the disk studied in [83] is quite irregular. The MRI
and the winding estimates use the Alfven speed, which
implies a mean magnetic field B̄i coherent in spatial and
time scales much larger than those of the instabilities.
In turbulent flows, the magnetic field is small scale, ran-
domly oriented, meaning that B̄i = 0. In such flows, the
waves can not propagate, at least during a relatively long
timescale, in any specific direction. Nevertheless, one can
still define an effective Alfven velocity. For instance, one
can assume that the linear analysis is valid in a size given
by the length of the characteristic vortices of the turbu-
lent magnetic-field [38]. A more restrictive condition is
to consider that the perturbations undertake a random
walk. In both cases, the effective Alfven velocity can be
written in the same generic way,

viA =
B̄i√
4πρ̄

(
δR

R∗

)n
(24)

with n = 1 for the mean values valid in the characteris-
tic spatial scale of the turbulent magnetic field δR and
n = 2 for the random walk estimate. By considering val-
ues δR ≈ 750 m, we obtain that vA is modified by a factor
0.05 − 0.0025, depending on the value of n. This means
that the modified tbrake is extended by one or two or-
ders of magnitude, indicating that the winding will fully
develop in much longer timescales of hundreds of mil-
liseconds. Along the same lines, it would imply also that
the λiMRI is decreased by the same factor, making it even
more challenging to resolve it. Even in that case, tMRI

does not depend on the Alfven velocity. Therefore, if the
field moves in shorter timescales, the MRI can not fully
develop. These considerations imply that the MRI could
act only if the field is not too turbulent and is well orga-
nized at large scales. We will further discuss these issues
by comparing with the results of our simulations in the
conclusions.

IV. RESULTS

Here we present a set of simulations of the equal-mass
BNS initial data described before, with and without SGS
terms for three different resolutions, as specified in Ta-
ble I.
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FIG. 1. Surfaces of constant density in the remnant. From left to right, we show representative times t = (4, 6, 9) ms after
the merger. The collision produces a rotating massive remnant that eventually settles down into a spinning neutron star
surrounded by an extended torus or outer envelope. The inner surface, at ρ = 1013g/cm3, shows the transition between the
bulk and envelope. The outer surface, at ρ = 1012g/cm3, displays (partially) the shape of the envelope.

Case CM Refinement levels ∆Lmin [km] ∆min [m]
LR 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
HR LES 8 7 FMR + 2 AMR [-11,11] 30
MR B0 8 7 FMR + 1 AMR [-13,13] 60

TABLE I. Parameters of the simulations: different resolu-
tions, mesh refinement setup (with the finest grid spacing
∆min covering a region of size ∆Lmin) and values of CM.
Each setup is adopted at the merger time, while the inspiral
phase is common to all of them and is run under the LR con-
figuration. The domain of the finest AMR grid for the MR and
HR cases changes with time, so that the values indicated here
are only approximated. We have also included a LES with
MR and no magnetic fields (MR B0) for comparison purposes.

A. Qualitative dynamics

The stars perform roughly 5 orbits before merging. By
inspecting the density profiles in the equatorial plane, we
observe that after the first contact, the merging cores
of the two stars perform radial bounces with a period
of roughly 1 ms, embedded within a common envelope.
The cores perform roughly 10 damped oscillations be-
fore settling down into a slow-varying, approximately
axisymmetric fluid configuration. Based on the den-
sity and angular velocity profiles, one can roughly sep-
arate the remnant into a high-density bulk, which ex-
tends for ρ ≥ 1013g/cm3, and an outer envelope (a.k.a.
disk) with densities 1013g/cm3 ≥ ρ ≥ 5 × 1010g/cm3,
which is initially torus-shaped and orbits close to Kep-
lerian velocity. These regions quickly evolve with time,
as shown in Figure 1 for some representative snapshots
during the first 10 ms of the evolution. The bulk soon
settles into a roughly ellipsoidal shape, with strong dif-
ferential rotation, and an approximate equatorial radius
of 15 km. Similarly, the outer envelope region is very
irregular and dynamical after the merger, but becomes

more axi-symmetric and ellipsoidal-shaped at later times,
covering a region that extends approximately to a radii
of 50 km in the equatorial plane.

A general overview of the dynamics can be obtained
from the various fields displayed in Figure 2, showing
the meridional y = 0 plane. The first row shows the
mass density distribution: soon after the merger, the
remnant is surrounded by a torus-shaped distribution of
marginally bound matter. At later times, the fluid in the
torus expands in the polar directions, polluting the region
near the z-axis. The magnetic field (second row) is am-
plified quickly in the few ms after the merger, and then
it is spread by the fluid flow. The angular velocity of the
fluid (third row) shows strong differential rotation near
the transition between the bulk and the envelope, along
both the cylindrical radial (R) and vertical (z) directions.
Neither the shape nor the values of this quantity change
significantly during the timescale of our simulations. Fi-
nally, the evolution of β−1 (fourth row) shows how the
magnetic pressure gradually acquires importance com-
pared to the fluid one. The pressure is always dominated
by the fluid, except at late times near the rotational axis
where they are comparable, suggesting the formation of
a magnetically-dominated region.

Let us now focus on how the magnetic field amplifica-
tion works in the first 10 ms after the merger, along the
lines of our previous discussion in Section III. The main
features of the magnetic field evolution can be observed
in Figure 3, where the field intensity and iso-density con-
tours at ρ = (1013, 5×1014)g/cm3, identifying the transi-
tion between dense core, bulk and envelope, are displayed
in the orbital plane for our highest-resolution run. A thin,
rotating shear layer is produced at the time of the merger
between the colliding cores that move in opposite direc-
tions. This is the perfect premise to develop the KHI,
manifested by the typical curly structures at small scales.
The fastest-growing modes are expected to be the ones
with a wavelength similar to the layer thickness, which
might be much thinner (possibly, sub-meter scale) than
any currently achievable resolution. Our simulation is
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FIG. 2. Evolution of relevant quantities of the remnant in a meridional plane. The rows show, from top to bottom, the
rest-mass density in g/cm3, magnetic field intensity in Gauss, angular velocity of the fluid Ω in rad/s, and inverse of β factor,
at t = (5, 10, 30, 50) ms after the merger, for the medium resolution LES simulation. In the rest-mass density plots (first row),
black solid lines represent constant density surfaces at ρ = (5× 1010, 1011, 1012, 1013)g/cm3.

accurate enough to capture the formation of very small
eddies (measuring a few numerical points, see the finest
details in color-scale the Figure 3). In agreement with the
general expectation, the non-linear interaction of these
growing modes, with different scales, produces a turbu-
lent dynamics with a direct energy cascade, where the
kinetic energy is transferred from large to small scales.
These small eddies twist and stretch the magnetic field
of the remnant, increasing quickly the magnetic energy
at the expenses of the kinetic one. As we will show later,
this energy transfer is more efficient at small scales and
acts as a powerful turbulent dynamo. There is also a

significant growth of the magnetic field occurring at the
surface of the stars during the merger, possibly due to
a small-scale turbulence excited by the RTI or the KHI
(i.e., see the top left panel in Figure 3).

After few miliseconds, the maximum intensity of the
magnetic field lies not in the plane between the cores,
but in the region separating bulk and outer envelope.
The fluid mixing induced by the complex fluid flow dur-
ing and after merger is able to spread very efficiently the
turbulent state of fluid and magnetic fields to most of
the remnant in a short timescale. After reaching a peak,
about 5 ms after the merger, the magnetic field intensity
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FIG. 3. Evolution of the magnetic field intensity in the orbital plane. Snapshots at t = (0.5, 1.5, 2, 2.5, 3.5, 5, 10, 15) ms after the
merger, displaying the magnetic field strength in Gauss, together with constant density contours at ρ = (1013, 5× 1014)g/cm3

showing the transition region between the bulk and envelope of the remnant, as well as the location of very high dense regions.
The amplification is mostly driven by the KHI, possibly with contributions from the RTI in the initial stages in the envelope
(see top left plot). They induce a turbulent small-scale dynamo, generated mostly near the shear layer, that is quickly advected
by the fluid motions and diffuses throughout both the bulk and the envelope.

is advected through the remnant, but it does not show
any significant amplification during the first 20 ms after
the merger. From that time until the end of our simu-
lation, the dynamics develop larger and more coherent
magnetic field structures whose intensity grow linearly
with time, possibly due to the winding mechanism.

B. Energetics evolution

In order to provide a more quantitative global analysis,
we now discuss the evolution of the integrated energies
and averaged fields in the remnant. The total rotational
kinetic, thermal, and magnetic energies are displayed in
Figure 4 for all our magnetized simulations.

We observe that, around ∼10 ms after the merger, the
rotational kinetic energy stabilizes at Erot ∼ 3×1053 ergs.
At this time, the remnant has settled down into a slowly-
varying fluid configuration approaching axial symmetry.
The thermal energy is of a similar order and slowly in-
creases in time. This is likely due to shock heating, first
in the merging stars, and later in the envelope, which is
perturbed by the oscillating remnant. For comparison,
the total baryonic mass (which is conserved up to 0.7%
during the time span by our simulations) corresponds to
an energy of about Ebar ∼ 5× 1054 ergs.

A comparison between different resolutions shows that

in the low-resolution case (blue curves) a significant part
of the heating comes from the intrinsic dissipation of
the numerical scheme (as on can infer from the faster
increase). For the other cases (LES and standard sim-
ulations) the differences are minor, indicating that (i)
they are in the convergence regime and (ii) the LES ap-
proach with the SGS gradient model does not introduce
spurious heating in the fluid evolution. On the other
hand, the magnetic energy evolution shows significant
differences between the two groups of simulations. Both
high-resolution simulations (LES and standard) and the
medium-resolution LES all present a sharp increase in the
first few milliseconds after the merger. After 5 ms, the
magnetic energy reaches a peak Emag ∼ 3 × 1050 ergs,
three orders of magnitude below the thermal and ro-
tational energy. During the next 15 ms, the magnetic
field energy slightly decreases and saturates roughly at
1050 ergs. Then it increases again, following a quadratic
function, and reaching Emag ∼ 2 × 1050 ergs towards
the end of our longest simulation, at 50 ms after the
merger. In contrast, the low-resolution simulations (LES
and standard) and the medium-resolution standard sim-
ulation are incapable of capturing the instability that in-
duces this magnetic field amplification. At this point we
would like to recall that the SGS terms are not being
applied in the outer envelope, so our results demonstrate
the benefits only in the bulk region.
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FIG. 4. Evolution of the energies. The panels show the
rotational, thermal, and magnetic energies, integrated over
the full domain. Colors identify the different resolutions, for
LES (solid lines) and standard simulations (dashed). Note
that these quantities are computed in a post-processing step
from saved 3D data, which is available only every few ms for
some portions of the simulations. This leads to an uneven
time resolution of the curves, especially for the cases with
less output like LR LES.

C. Convergent magnetic field amplification: the
effects of KHI, winding and MRI

To get a more fine-grained picture of the magnetic am-
plification, we now study the averages in the bulk and
the outer envelope separately. In Figure 5, we show the
magnetic field intensity for all the simulations, averaged
either in the bulk or in the envelope. In the bulk, the
averaged intensities differ by up to two orders of mag-
nitude between the lowest and the highest resolutions.
For all of the cases, magnetic fields are amplified by at
least three orders of magnitude in a short timescale last-
ing about 5 ms. This amplification phase is followed by
a saturation phase where the intensity is nearly constant
for tens of milliseconds. The standard simulations dis-
play the lack of convergence commonly found already in
the literature; as the resolution is increased, so does the
saturation level reached by the averaged magnetic field.

The LES with the gradient SGS model behave in a
completely different manner. For the first time, to our
knowledge, we found convergence in the evolution of the
averaged magnetic field: the medium resolution LES al-
ready grows and saturates at the same quantitative level,
approximately of 1016 G, as the high-resolution LES.
Interestingly, this value is almost identical to the one

achieved by the standard high resolution simulation, sug-
gesting that the magnetic field already converged also in
this case. Unfortunately, the computational cost of stan-
dard simulation with even higher resolution prevented
us of performing additional tests to confirm this result.
By using LES with the gradient model, the simulations
are apparently able to capture most of the effects of the
small-scale, unresolved dynamics during the turbulent
stage. Note that even with the LES, high resolution and
high-order numerical schemes are required in order to
reach a faithful saturation level.

In the envelope, all the simulations reach similar val-
ues ∼ 5 × 1014 − 1015 G at saturation. However, we
stress that in most of the envelope the resolution is fixed
and the SGS terms are disabled for all these cases. We
recall that the focus of our study is to test the conver-
gence of the magnetic field amplification within the bulk.
The differences in the envelope are mainly caused by the
differences within the bulk. We find that the latter is
not causing large differences in the envelope. The afore-
mentioned limitations (i.e., fixed resolution and no SGS
terms) prevent us from drawing further conclusions about
convergence of the magnetic field within the envelope,
which may be subject of future studies.

Let us note that the divergence of the magnetic field,
normalized by the magnetic field strength, remained rel-
atively small O(0.005) during all the simulation for both
the standard simulation and the LES with the gradi-
ent SGS term. The fact that these normalized values
are almost the same suggests that the violations of the
solenoidal constraint does not interact in an unexpected
way with the gradient SGS term to induce a fictitious
amplification of the magnetic field.

In Figure 6 we illustrate the poloidal and the toroidal
contributions to the average magnetic field, for the high-
resolution simulations and the medium resolution LES.
First, note that these three simulations approach the
same solution, which shows that the numerical dissipa-
tion does not dominate the dynamics, and demonstrates
that solution obtained with medium-resolution LES is al-
ready a good approximation to the high-resolution one.
During the kinematic phase, i.e. while the magnetic
field’s feedback on the fluid is dynamically irrelevant,
both components grow exponentially at a similar rate.
This is a strong indication that such amplification is
due to small-scale turbulent dynamo induced by the KHI
(and possibly the RTI), which is naturally isotropic, pro-
viding amplified magnetic fields in random directions.
This stage ends when the magnetic fields are strong
enough to back-react significantly on the fluid, leading to
a quasi-stationary state (in average) at saturation. Dur-
ing this last stage, the toroidal magnetic field, averaged
in the bulk, remains roughly constant at values ∼ 1016 G
until 20 ms and then it starts to grow linearly. The
poloidal component, however, decreases almost by an or-
der of magnitude until 30 ms. This qualitative behavior is
also reproduced in the envelope, although the difference
between both components is less significant (i.e., just a
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FIG. 5. Evolution of the average magnetic field. Volume-
average of the magnetic field intensity either in the bulk (top)
or in the envelope (bottom) of the remnant. These averages
are calculated for all the resolutions (identified by colors),
both for the LES (solid lines) and for the standard simulations
(dashes). Clearly, the averages in the bulk calculated with
LES converge to a well-defined value.

factor of a few) in that region.

After validating the medium resolution accuracy via
comparisons between resolutions, we have continued the
medium-resolution LES up to timescales much longer
than feasible with the high resolution. The total aver-
aged magnetic field and its components are displayed in
Figure 7 up to 50 ms, showing the main features de-
scribed before. After 30 ms the poloidal component also
grows within the bulk. Although there can be a partial
contribution from the MRI, the linear growth in both
magnetic field components strongly suggest that it can
be mostly attributed to the winding mechanism, acting
more efficiently in the spherical-shaped region of strong
differential rotation. Interestingly, the toroidal compo-
nent grows at a rate two times faster than the poloidal
one.

As a complementary perspective, Figure 8 shows the
(cylindrical) radial profiles of the toroidal and poloidal
components of the magnetic field, averaged on cylinder
surfaces (i.e., in the azimuthal and vertical directions),
at different times. Again, we perform these averages sep-
arately in the bulk and in the envelope. As it was ob-
served in the volume average, both components grow in
a broad spatial region to values O(1016) G in the bulk
and O(1015) G in the envelope during the first 5 ms after
the merger, likely due to the KHI amplification and the
fluid mixing of the turbulent state. Then, in the next
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FIG. 8. Evolution of the (cylindrical) radial distribution
of the magnetic field components. The toroidal and poloidal
components of the magnetic field, averaged at different cylin-
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(bottom), for the medium-resolution LES. At later times both
components grow in regions R . 6 km in the bulk and R . 15
km in the envelope.

15 ms, the poloidal component decreases and get flat-
tened, while that the toroidal component remains almost
unaltered. In the following 30 ms there is a growth of the
toroidal component in the bulk around R ∼ 6 km and in
the envelope around R ∼ 10 km. This roughly linear
growth is followed, with a time delay of approximately
10 ms, by a similar one of the poloidal component in the
interior of the peak developed by the toroidal component.

Notice that the magnetic field amplification occurs in
regions where MRI cannot be excited because dΩ/dR >
0. These two features strongly suggest that this growth is
indeed produced by the winding mechanism, acting near
the transition between the bulk and the envelope, where
the differential rotation displays a maximum. By com-
bining the profiles from both components is clear that the
magnetic field is evolving towards a helical configuration
similar to those present in magnetically dominated jets.

D. Spectral distribution

A more comprehensive information of the energy dis-
tribution over the spatial scales can be obtained from
the power spectrum. The kinetic and magnetic spectra
(eqs. (12)-(13)) for the high resolution simulations and
the medium-resolution LES are displayed in Figure 9 at
times t = (5, 10, 20) ms. Here we can observe some of
the features described before, like the isotropic turbulent
state driven by the KHI that produces a similar spectra
of the poloidal and toroidal components at 5 ms. The
magnetic energy approaches equipartition with the ki-
netic one at high wavenumbers k 2.

The kinetic spectra is well represented by the Kol-
mogorov power law k−5/3, the typical direct cascade of
isotropic kinetic turbulence. The magnetic field at low
wavenumbers follow the Kazantsev power law k3/2, as
expected for non-saturated small-scale turbulent MHD
dynamo. At later time, the overall poloidal spectra de-
creases slightly, as we already noticed in the averages
described previously. The spectra of the toroidal compo-
nent increases, with a clear transfer from large wavenum-
bers to small ones (i.e., from small to large scales), in-
dicating the presence of a inverse energy cascade. It
is very important to stress that, already in these short
timescales, the peak of the magnetic field spectra moves
to lower wavenumbers. The fact that the toroidal compo-
nent is the most affected indicates again that the winding
is probably the responsible for this energy transfer.

We have followed the evolution of the kinetic and mag-
netic spectra at later times for the medium resolution
simulations with and without SGS terms, as shown in
Figure 10. Even on longer timescales up to 50 ms, the ki-
netic energy spectra remains mostly unchanged for both
simulations. However, there are significant differences in
the magnetic spectra. In the medium-resolution LES, the
peak of the magnetic energy spectra moves from high to
intermediate wavenumbers (i.e., from small to intermedi-
ate spatial scales). The magnetic energy distribution, as
time progresses, maintains roughly the Kazantsev power
law on large scales and the Kolmogorov power law at
small ones.

We also calculate, for each case, the spectra-weighted
average wavenumber k̄ and its associated lengthscale
δR = 2π/k̄, which roughly represents the distance at
which the field is not randomly oriented but tends to
show a defined direction. For the medium resolution
LES, δR of the magnetic energy moves from 0.7 km to
2 km during the 50 ms of the simulation. On the other
hand, δR of the kinetic energy varies only from 12 km
to 17 km. The standard medium resolution simulation

2 Notice that at the highest wavenumbers, spectra are damped by
the numerical dissipation of the HRSC numerical scheme. In that
region there is also a pile-up of magnetic energy due to the non-
periodic boundary conditions of the domain where the spectra is
calculated.
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FIG. 9. Evolution of the energy spectra. Spectra of the kinetic (solid) and magnetic energy (dashed) at t = (5, 10, 20) ms, for
the medium resolution LES and the high-resolution simulations. The kinetic and magnetic energies almost reach equipartition
at high wavenumbers (i.e., before the decay induced by numerical dissipation, which is much more prominent in the magnetic
spectra). Note that the high-resolution simulations agrees very well with the medium resolution LES, maybe except for low
wavenumbers where the statistical error of the spectra is larger and, in any case, whose modes represent a very small fraction
of the energy

.

share roughly the same qualitative behavior, but with a
magnetic energy spectra much more flattened and many
orders of magnitude smaller.

E. Differential rotation and relevant profiles near
the rotation axis

Here we turn our attention to a more detailed analysis
of the differential rotation profile present in the remnant,
comparing the simulations with the same medium res-
olution, standard and LES. In order to disentangle the
effects from the magnetic field, we also performed a stan-
dard simulation with no magnetic field. The radial pro-
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FIG. 10. Evolution of the energy spectra at late times. Kinetic and magnetic spectra for the medium resolution cases at
t = (10, 20, 30, 40, 50) ms. The standard medium resolution simulation is only qualitatively similar to the medium resolution
LES. As expected in turbulence with low magnetization, at t = 10 ms the kinetic energy spectra shows the standard Kolmogorov
power law k−5/3 (short solid blue line) in the inertial range, while the magnetic energy follows the Kazantsev power law k3/2

(short dashed blue line) at low wavenumbers. At late times, the magnetic energy spectra follows the Kolmogorov slope
at intermediate and high wavenumbers. The weighted-average wavenumbers k̄ are represented by orange and black dots,
corresponding to the typical coherent scales of fluid and magnetic structures.

files of density ρ(R) and angular velocity Ω(R), for two
different times t = (10, 50) ms after merger, are displayed
in Figure 11. These profiles are extracted by comput-
ing the azimuthal averages within the orbital plane (i.e.,
along a circle in the z = 0 plane). The first observation is
that the density profile barely changes after the remnant
has settled down into a roughly axisymmetric shape. The
differences between the three different simulations are mi-
nor, indicating that magnetic field effects on the density
profile are rather small. The angular velocity, at 10 ms
post-merger, shows in all three cases a radial profile with
values ≈ 6000 rad s−1 near the orbital axis, increasing up
to ≈ 10000 rad s−1 at R ≈ 7.5 km. At larger distances it
decreases, with falloff behavior approaching that of Ke-
plerian profiles (represented for comparison with a green
dashed line in the plot). As time evolves, the profiles
get more flattened, with the maximum Ω(R) decreasing
to ≈ 8500 rad s−1 at 50 ms post-merger. Comparing the
three cases, we find that the amplified magnetic fields do
not seem to have a significant impact on the removal of
differential rotation.

In order to monitor the formation of magnetically dom-
inated regions, we use the averages of β−1, which esti-
mate the relative importance of the magnetic pressure
with respect to the fluid pressure. Figure 12 shows the
volume averages in the bulk and in the envelope, for the
high-resolution and the medium-resolution LES. On aver-
age, the magnetic pressure reaches about 1% of the fluid
pressure within the bulk, and 10 times less within the
envelope. Again, the high-resolution simulations show a
very similar behavior.

We also calculate the averages of this quantity over
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FIG. 11. Evolution of the radial distribution of density and
angular velocity. Profile of the density and Ω in the orbital
plane, averaged over the azimuthal direction. Two different
times (colors), t = (10, 50) ms are represented for the medium
resolution LES (solid) and the standard simulation (dashed).
We also include the non-magnetized case MR B0 (dotted), and

show the falloff behavior (green) ΩK ∼ R−3/2 of Keplerian
disks for comparison.

cylindrical surfaces, as a function of time, to better un-
derstand the dynamical evolution. The field β−1 aver-
aged in the bulk, shown in the top panel of Figure 13,
reaches a peak at t = 5 ms after the merger in the region
R ∼ 11 km. As time progresses, the profile gets flattened,
however, decreasing by almost an order of magnitude.
This is probably related to the decrease of the poloidal
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magnetic field, due to rotation, once the saturation stage
is achieved. Interestingly, the magnetic pressure becomes
more relevant at later times in the envelope. At t = 5 ms
there is a broad distribution with β−1 ∼ 0.01, almost flat
for R ∼ 11 km, but monotonically decreasing to zero at
smaller radii. At t = 30 ms after the merger, a bump
appears in the profile around R ∼ 11 km. Although the
peak of this bump is only a factor 2 larger than the value
in the flat region, it evolves towards smaller radii, in-
creasing significantly the relevance of magnetic pressure
near the z-axis. This is another indication that magnetic
field is growing near the rotation axis of the remnant.

Near the rotation axis there are additional effects
which might actually prevent the formation of magneti-
cally dominated structures. Fig. 14 displays the density
in a meridional plane for the three medium resolution
simulations: LES, standard and without magnetic field.
There is a clear trend; the larger the magnetic field, the
more dense is the region near the rotation axis. This
effect can be quantified by computing the mass distribu-
tion in a solid angle of 15◦ near the axis, as a function of
the distance from the center, as it is displayed in Fig. 15.
Despite starting from a similar distribution at t = 5 ms
after the merger, the mass distribution in the envelope
increases faster for stronger magnetic fields, leading to
a difference of approximately a factor three between the
medium resolution LES and the non-magnetized simula-
tion. This enhanced baryon contamination near the z-
axis due to magnetic fields makes the possible emergence
of a jet less likely [40, 41].

F. Gravitational waves and ejecta

Finally, we discuss some aspects related to matter ejec-
tion and GW emission by the remnant. Ejected mat-
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for the medium-resolution LES. At later times the magnetic
pressure becomes more relevant in the envelope for R ≤ 15
km.

ter can be split in two categories. The dynamical ejecta
are launched during merger, as a result of tidal interac-
tions and shocks formed in the neutron stars. Pertur-
bations of the remnant can also liberate matter within
tens of milliseconds after merger. The secular ejecta are
emitted from the outer layers of the remnant on longer
timescales by effects such as effective magnetic viscosity,
magnetic pressure, neutrino radiation, or nuclear heat-
ing. The flux of unbound mass observed at different dis-
tances is shown in the top panel of Figure 16. By inte-
grating this flux in time, we obtain an estimate for the
total ejected mass Mej ≈ 0.025M�. As one can see, the
ejecta in our simulations are dynamical, whereas the sec-
ular ejecta contribution is negligible. However, a further
substantial mass outflow may be expected at later times.
In Ref. [84], the authors studied the magnetically driven
baryon-loaded wind launched in the post-merger for a
similar BNS model (although with much lower resolu-
tion), finding a massive outflow emerging around the time
of saturation of the magnetic energy growth (≈ 50 ms)
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FIG. 14. Density in a meridional plane. Density at t = 5
ms (left panels) and 50 ms (right) after the merger, for the
medium resolution simulations: (top) without magnetic field,
(middle) standard simulation, and (bottom) LES including
the SGS terms. Clearly, stronger magnetic fields increase the
matter contamination of the funnel region near the orbital
axis.
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the merger. This plot represents how the radial distribution
of the mass increases with the magnetic field.

and lasting up to 200 ms. We also note that the mass
outflow may be partially hampered by the braking effect
of the floor density in the atmosphere. To assess the error
caused by extraction at finite radii, we compare the to-
tal ejected mass for three different radii. The differences
obtained are smaller than 3% of the total value.

The dominant gravitational wave component is dis-
played in the bottom panel of Figure 16 for the medium
resolution LES. To assess the error due to finite extrac-
tion radius, we show the signal calculated at three dif-
ferent extraction radii, demonstrating good agreement.
During the first 15 ms, the gravitational wave signal ex-
hibits a rich structure typical for merger remnants, with
strongly varying frequency and amplitude. As the rem-
nant settles down, the signal relaxes to a simple decay-
ing oscillatory function. At the end of our simulation, at
t = 50 ms, the signal is almost zero.

The merger of an equal-mass binary leads naturally
to a quadrupole (i.e., m = 2) deformation in the mass
distribution of the remnant. As it has been found in pre-
vious works (see e.g. [85–88]), a non-axisymmetric insta-
bility induces a m = 1 mode, which develops soon after
the merger and at late times it might dominate over the
m = 2 one. The claim in those works is that this m = 1
mode induces a strong spiral arm in the remnant, which
transports angular momentum and contributes to unbind
the outer layers of the envelope. One way to analyze the
impact of the magnetic fields on the development of this
spiral mode is by comparing the m = 1 mode of the grav-
itational waves, displayed in the top panel of Figure 17
for all the medium resolution simulations, either mag-
netized or unmagnetized. No significant differences are
observed in the post-merger signal for the m = 1 mode,
and only moderate ones in the m = 2 mode. We can
conclude that no significant effects are introduced by the
magnetic fields on these spiral modes in these timescales,
probably because these magnetic fields are not organized
yet in large-scale structures.

Finally, one might ask if the presence of strong mag-
netic fields changes other observable features of the grav-
itational waves. The amplitudes and instantaneous fre-
quencies of the GW main mode (i.e., l = m = 2) are
displayed in Figure 17, for all the medium and high
resolution simulations. The amplitudes of the unmag-
netized and the LES cases matches very well, with a
slightly larger deviation of the standard simulation. In
the frequencies, only a very small shift is observed in the
medium resolution standard simulation with respect to
the unmagnetized and to the magnetized LES, confirm-
ing that the effect of magnetic fields on these timescales
is rather small.

V. DISCUSSION

The combination of high-order numerical schemes,
high-resolution and LES techniques with the gradient
SGS model, allow us to describe accurately small-scale
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.

dynamo effects in magnetized neutron star mergers. Our
simulations demonstrate that the numerical methods are
able to capture the magnetic field amplification within
the bulk of the remnant, and the corresponding final sat-
uration level. These results suggest that LES, combined
with the gradient SGS model, can be interpreted as a
method to increase the effective resolution of the simula-
tions by at least a factor 2 (and possibly higher). In our
scenario, it allowed us to achieve numerical convergence
for moderately high resolutions, which would have been

otherwise beyond our reach. Let us also notice that, al-
though our numerical setup is not suitable to investigate
the convergence in the low density envelope, the results
in the bulk are encouraging and we expect benefits also
in this regime.

We have considered magnetized neutron stars with re-
alistic magnetic field strength of 1011 G, an intensity
small enough not to alter the topology of the remnant’s
amplified field. These values represent a tiny fraction of
the total energy of the system and are much smaller than
commonly used in numerical simulations.

Our simulations show that, shortly after the merger,
the main magnetic field amplification process is the KHI.
A shear layer between the stars, at the time of contact,
is prone to unstable modes that develop vortexes at all
scales. The RTI might also act in the outer regions of
the stars in even shorter timescales, contributing to the
development of turbulence. However, it is hard to dis-
tinguish such contribution from the rest of the rich dy-
namics. Then, small-scale dynamo effects driven by these
two instabilities amplifies the magnetic field, that is redis-
tributed throughout the remnant by the fluid flow. A tur-
bulent, quasi-stationary state, is achieved after approxi-
mately 5 ms. The average magnetic field strength at the
saturation phase is approximately 1016 G. As expected
from an isotropic turbulence, the poloidal and toroidal
components of the magnetic field are comparable at sat-
uration. At later times the magnetic field grows linearly
due to the winding mechanism, reaching at t = 50 ms
magnetic energies of 2 × 1050 ergs (and still growing).
Such a magnetic energy value should be considered as
a lower bound for the magnetization level reached after
BNS mergers with sufficiently long-lived remnant.

This behavior can also be observed in the spectra,
which shows also that the magnetic spectrum density al-
most reaches a equipartition with the kinetic one in the
small scales. The kinetic energy spectra follows the ex-
pected Kolmogorov power low k−5/3 in the inertial range,
while that the typical structure scale of 12 km. On the
other hand, the magnetic energy spectra displays the ex-
pected Kazantsev power law k3/2 for large scales, but the
typical coherent size is much smaller, δR ∼ 700 m. Dur-
ing the 50 ms after the merger covered by our longest
simulations, the kinetic energy spectra remains mainly
unchanged. However, the distribution of the magnetic
energy spectra shifts to larger scales, keeping the Kazant-
sev power law for small wavenumbers but switching to
the Kolmogorov power law for intermediate ones. This
change in the distribution is very interesting for several
reasons: (i) it indicates the presence of an inverse cas-
cade, with magnetic energy being transferred from small
to large scales, (ii) the typical scale of the structures of
the magnetic field energy moves from δR ∼ 700 m to
larger scales of δR ∼ 2 km and (iii) the magnetic en-
ergy spectra mimics the kinetic one (i.e., not far from a
Kolmogorov power law) at small scales.

These larger magnetic structures can be observed also
in the averaged (cylindrical) radial distribution. They
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show that the toroidal component remains constant dur-
ing the first 20 ms, but then it start to grow by a factor of
a few in the region near the angular velocity peak. The
poloidal component, on the other side, decrease initially
during the first 20 ms, but then started to grow in the
inner region ≤ 10 km. We believe that the winding is
responsible for the growth of the toroidal and poloidal
magnetic fields, in combination with small-scale dynamo
processes.

It is important to stress that we observe no significant
redistribution of the differential rotation in the first 50
ms after the merger. This is in agreement with the fact
that the MRI is apparently not operating in our simula-
tions. Both things might be explained by the small-scale,
randomly oriented structure of the magnetic field during
turbulence: the effective Alfven velocity is reduced by a
large factor, which depends on the typical sizes δR where
the mean magnetic field has a well-defined direction and
within which the angular momentum is effectively trans-
ported. More fundamentally, since the KHI-triggered
magnetic field is turbulent and very dynamical, there is
no static, large-scale background field over which one can
define an unstable perturbation like the MRI. Our expec-
tation is that, as large-scale magnetic fields develop, they
can become more efficient on redistributing angular mo-
mentum from the bulk to the outer envelope. This could
happen via MRI if, at later stages, the magnetic field
could acquire a topology clearly dominated by almost
stationary large scales in the region where the angular
velocity decreases with radius.

We want to emphasize that, despite our encouraging
results about the convergence in the bulk, further stud-
ies are needed in order to fully understand the impact
of magnetic fields on the remnant’s dynamic. Further
convergence tests, where the SGS terms are active also
in the envelope and where the resolution in the latter
is not kept fixed, will be needed to ascertain whether
the method can capture the small-scale MHD processes
occurring in all of the remnant and follow their devel-
opment until, ultimately, the possible formation of a
magnetically-dominated jet.
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