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We perform a long and accurate large-eddy simulation of a binary neutron star merger, following the
newly formed remnant up to 110milliseconds. The combination of high-order schemes, high-resolution, and
the gradient subgrid-scale model allows us to have among the highest effective resolutions ever achieved.
Our results show that, although the magnetic fields are strongly amplified by the Kelvin-Helmholtz
instability, they are coherent only over very short spatial scales until t ≳ 30 ms. Around that time, magnetic
winding becomes more efficient leading to a linear growth of the toroidal component and slowly ordering the
field to more axisymmetric large scales. The poloidal component only starts to grow at small scales at much
later times t ≳ 90 ms, in a way compatible with the magneto-rotational instability. No strong large-scale
poloidal field or jet is produced in the timescales spanned by our simulation, although there is a helicoidal
structure gradually developing at late times. We highlight that soon after the merger the magnetic field
topology is always strongly dominated by toroidal structures, with a complex distribution in the meridional
plane and highly turbulent perturbations. The topology present before the merger is completely erased and
forgotten, as long as the initial magnitude of the magnetic field has realistic values. In fact, we advise against
the widespread use of unrealistic very strong large-scale initial magnetic fields, since they might affect
significantly the postmerger topological outcome, which would be therefore strongly biased by such an
artificial choice. Finally, we confirm the universality of the evolved topology, even when starting with very
different magnetic fields confined to the outermost layers of each neutron star.

DOI: 10.1103/PhysRevD.108.103001

I. INTRODUCTION

The tremendous scientific potential of binary neutron star
(BNS) mergers, detected simultaneously through gravita-
tional waves (GWs) and electromagnetic counterparts, was
confirmed with the event GW170817 [1,2], of which the
current LIGO/Virgo/KAGRA O4-run is hoped to bring
similar detections. Among other astrophysical information,
this event provided the most compelling evidence that BNS
mergers can produce powerful jets and short gamma ray
bursts [3–15], as well as copious amounts of heavy r-
process elements (e.g., [16–21] and references therein).
Although the binary inspiral is mostly driven by gravita-
tional wave emission, several nonlinear magnetohydrody-
namics (MHD) processes and instabilities affects the
postmerger dynamics. For this reason, some key elements
of the matter and magnetic fields in the evolved remnant
remain uncertain, including the actual mechanisms behind
jet formation and matter ejection (e.g., [22]).

The only way to accurately model the remnant dynamics
in a realistic manner is through numerical relativity simu-
lations of merging BNSs. These simulations require the
inclusion of fundamental ingredients such as magnetic
fields, temperature and composition dependent equation
of state (EOS), and neutrino radiation (see, e.g., [23–27] for
recent reviews). Here we focus on the influence of the
magnetic fields, which are known to play an important key
role in the remnant evolution and in shaping the electro-
magnetic counterpart signals. Strong large-scale magnetic
fields are believed to be necessary to power relativistic jets,
and magnetic field stresses might contribute significantly to
the secular ejecta producing part of the kilonova spectra
(e.g., [26] and references therein). However, adding a
magnetic field in BNS simulations increases significantly
their complexity and poses new computational challenges.
Several works have found that the magnetic field energy

is amplified during the merger process up to 1051 ergs or
even higher. This magnetic field amplification relies on
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different mechanisms: the winding effect by the large-scale
differential rotation [28], the Kelvin-Helmholtz instability
(KHI, e.g., [29,30]), and the magnetorotational instability
(MRI, [31–35]). The latter two generally happen at (very)
small scales which cannot be fully captured with the
standard resolutions currently used in numerical simula-
tions. The highest resolution (and computationally most
expensive) simulations ever performed are far from com-
pletely resolving these instabilities along with the associ-
ated MHD turbulence [36,37]. Different approaches have
been proposed to overcome the above limitations and
incorporate, at least partially, the effects of unresolved
MHD processes.
One of the most common approaches in BNS simulations

is to impose a very strong, purely poloidal, large-
scale magnetic field ≳1014 G just before the merger
(e.g., [36–44]). The choice of such large magnetic field
strength is qualitatively justified to compensate the inability
of capturing the above-mentioned MHD instabilities when
employing the more realistic values ≲1011 G expected in
Gyr-old neutron stars [45]. However, this commonly chosen
large-scale strong magnetic field leads to a dynamic that
keeps memory of it. Therefore, the postmerger state in those
simulations is very different than the mostly turbulent and
eventually toroidally dominated topology developed during
the merger when realistic initial magnetic field strengths are
employed [36,42,46,47]. As it was shown in, e.g., [48] the
turbulent regime produced during the merger erases any
memory of the initial topology, regardless of their specific
configuration, as far as its strength is appropriate for such old
neutron stars, and in any case much lower than the saturated
value (1015–1016 G).
An interesting alternative to compensate for the lack of

resolution relies on the use of large-eddy simulations
(LESs), a technique in which the general relativistic
MHD (GRMHD) evolution equations are modified by
including new terms to account for the unresolved subgrid-
scale (SGS) dynamics (e.g., [49]). In particular, the
gradient SGS model [50–53] is a sophisticated choice,
conceptually similar to a numerical mathematically-
informed flux reconstruction, with no a priori physical
assumptions. By including these SGS terms in the equa-
tions one may recover part of the effects induced by the
unresolved SGS dynamics over the resolved scales. The
combination of high-order numerical schemes, high-
resolution, and LES with the gradient SGS model allowed
us to improve the accuracy of the magnetic amplification in
a turbulent regime, both in box [54,55] and in BNS merger
simulations [46–48]. In particular, we found convergence
on the (averaged) magnetic fields reached after the KHI
amplification phase [47]. In this work, we improve and
extend the BNS simulation performed in Ref. [47], focus-
ing on the magnetic field evolution in long timescales after
merger. Compared to previous works, we further deepen

our analysis and try to pinpoint the most relevant under-
lying physical mechanisms at every stage.
Moreover, a recent work claimed important differences

in the evolved topology if one starts with an initial
magnetic field confined to the outermost layers of each
neutron star [56] (i.e., vaguely corresponding to the crust).
These results are in strong contrast with the universality of
the final topology that we found in Ref. [48]. In particular,
our simulations showed that the initial configuration of the
magnetic field is quickly forgotten, as long as: (i) it is not
initially set up with unrealistic values≳1014 G, and (ii) one
can numerically resolve the small-scale instabilities that
cause a turbulent magnetic field amplification in the first
milliseconds after the merger. In order to clarify this
controversy, we repeated their numerical experiment by
comparing the KHI phase for their same two topologies.
The paper is organized as follows. The numerical setup,

which includes evolution equations, numerical schemes,
EOS, initial conditions, and analysis quantities, is briefly
summarized in Sec. II. Then, numerical results are pre-
sented and analyzed in Sec. III. It follows in Sec. IV an
explanation of the physical processes and instabilities
occurring in the remnant, with the supporting evidences
of the results and a theoretical background. Next, in Sec. V
we repeat the simulations of [56], comparing the outcomes.
Finally, the conclusions are drawn in Sec. VI.

II. NUMERICAL SETUP

The concept and mathematical foundations behind LES
with a gradient SGS approach have been extensively
explained in our previous works (and references therein)
in the context of classical [57] and relativistic MHD
[46–48,54,55], to which we refer for details and further
references. In the present work, we will perform LESs of
the full GRMHD equations with the gradient SGS model,
extending the simulations presented in [47]. Initial data,
evolution equations, numerical schemes, and setup are
almost identical as in [47], which we now summarize
briefly for completeness.

A. Evolution equations: GRMHD LES

The spacetime geometry is described by the Einstein
equations. The covariant field equations can be written as
an hyperbolic evolution system by performing the 3þ 1
decomposition (see, e.g., [27,58]). Here, we use the
covariant conformal Z4 formulation of the evolution
equations [59,60]. A summary of the final set of evolution
equations for the spacetime fields, together with the gauge
conditions setting the choice of coordinates, can be found
in [61]. The magnetized perfect fluid describing the star
follows the GRMHD equations (see, e.g., [62,63]), a set
of evolution equations for the conserved variables
fD; Si; U; Big. These conserved fields are functions of
the primitive fields, namely the rest-mass density ρ,
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the specific internal energy ϵ, the velocity vector vi, and the
magnetic field Bi. The recovery of the primitive from
the conserved fields requires first a closure relation for the
pressure p (i.e., the EOS) and then solving a set of
nonlinear algebraic equations involving the Lorentz factor
W ¼ ð1 − v2Þ−1=2, as it is discussed in Sec. II C. The full
set of evolution equations, including all the gradient SGS
terms, can be found in [46,55].
Each SGS term has a free parameter of order unity,

which needs to be magnified to compensate for the
numerical dissipation of the employed numerical scheme.
Following our previous studies [46–48,54,55], and since
we are mostly interested in the magnetic field dynamics, we
include only the SGS term appearing on the induction
equation with the precoefficient CM ¼ 8, which has been
shown to reproduce the magnetic field amplification more
accurately (i.e., comparing with very high-resolution sim-
ulations) for our numerical schemes [46,55]. We remind the
reader that these SGS terms, by construction, vanish at the
continuous limit.

B. Numerical methods

As in our previous works and, in particular, [46–48]
we use the code MHDUET, generated by the platform
SIMFLOWNY [64,65] and based on the SAMRAI infrastruc-
ture [66,67], which provides the parallelization and the
adaptive mesh refinement. Summarizing, it uses fourth-
order-accurate operators for the spatial derivatives in the
SGS terms and in the Einstein 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-Friedrichs flux splitting formula
[68] and the fifth-order reconstruction method MP5 [69], a
fourth-order Runge-Kutta scheme with sufficiently small
time step Δt ≤ 0.4Δx (where Δx is the grid spacing), and
an efficient and accurate treatment of the refinement
boundaries when subcycling in time [70,71]. A complete
assessment of the implemented numerical methods can be
found in [61,72].
The binary is evolved in a cubic domain of size

½−1228; 1228� km. The inspiral is fully covered by seven
fixed mesh refinement levels. Each consists of a cube with
twice the resolution of the next larger one. In addition, we
use one adaptive mesh refinement level, covering the
regions where the density is above 5 × 1012 g cm−3 and
providing a uniform resolution throughout the shear layer.
With this grid structure, we achieve a maximum resolution
of Δxmin ¼ 60 m covering, at least, the most dense region
of the remnant.

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 [73], with a modification to
prevent superluminal speeds [74]. Thermal effects are
modeled for simplicity by an additional ideal gas contri-
bution pth ¼ ðΓth − 1Þρϵ, with adiabatic index Γth ¼ 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 [75], which gave us excel-
lent results in our previous works [47,48]. Following a
common practice in GRMHD simulations, the surrounding
regions of the neutron stars are filled with a relatively
tenuous, low-density atmosphere, i.e., a threshold lower
value on density which is necessary to prevent the failure
of the HRSC schemes usually employed to solve the
MHD equations. To minimize unphysical states of the
conserved variables outside the dense regions, produced
by the numerical discretization errors of the evolved
conserved fields, we set such atmosphere with a low value
of 6 × 104 g cm−3 (i.e., 1 order of magnitude lower than in
[47], and more than 10 orders of magnitude lower than the
maximum values of density).
In addition, we apply the SGS terms in the regions where

the density is higher than 2 × 1011 g cm−3 (i.e., 2 orders of
magnitude lower than in [47]) in order to avoid possible
spurious effects near the stellar surface and in the atmos-
phere. Since the remnant maximum density is above
1015 g cm−3, the SGS model is applied to a considerable
volume including the most relevant regions of the stars and
the remnant.

D. Initial conditions

The initial data is created with the LORENE package [76],
using the APR4 zero-temperature EOS described above.
We consider an equal-mass BNS in quasicircular orbit, with
an irrotational configuration, a separation of 45 km and
an angular frequency of 1775 rad s−1. The chirp mass
Mchirp ¼ 1.186M⊙ is the one inferred in the refined
analysis of GW170817 [77], implying a total mass M ¼
2.724M⊙ for the equal mass case. With this choice of EOS
and masses, the remnant does not collapse to a black hole
within the time span of the simulation, which is 110 ms
after the merger.
Each star initially has a purely poloidal dipolar magnetic

field that is confined to its interior, calculated from a vector
potential component Aϕ ∝ R2maxðp − pcut; 0Þ, where pcut
is a hundred times the pressure of the atmosphere, and R is
the distance to the axis perpendicular to the orbital plane
passing through the center of each star. The maximum
magnetic field (at the centers) is 5 × 1011 G, several orders
of magnitude lower than the large initial fields used in other
simulations (e.g., [30,36,38–41]) and not too far from the
upper range of the oldest known neutron stars (millisecond
pulsars and low-mass x-ray binaries [78]). 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
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the initial values are not too large (B≲ 1013 G) and the
scheme and resolution are able to capture the turbulent
amplification mechanisms, as it was shown in [48].

E. Analysis quantities

We use several integral quantities to monitor the dynam-
ics in different regions: averages of the magnetic field
strength, the fluid angular velocity Ω≡ dϕ

dt ¼ uϕ
ut (where

ua ≡Wð−α; viÞ denotes the fluid four-velocity), and the
plasma beta parameter, β ¼ 2P

B2. The averages for a given
quantity q over a certain region N will be denoted
generically by

hqiba ¼
R
N qdNR
N dN

; ð1Þ

whereN stands for a volume V, a surface S, or a line l, and
the integration is restricted to regions where the mass density
is within the range ð10a; 10bÞ g=cm3. If b is omitted, then it
means no upper density cut is applied. From here after we
will denote the bulk as the densest region of the remnant with
densities ρ > 1013 g cm−3, and the envelope as the region
satisfying 5 × 1010 g cm−3 < ρ < 1013 g cm−3. In particu-
lar, we define averages over the bulk of the remnant as hqi13
and, abusing a bit of the notation for simplicity, averages
over the envelope as hqi1310. Surface integrals are carried out
over a cylinder S with axis passing through the center of
mass and orthogonal to the orbital plane. Line integrals are
carried out over a circle l centered at the center of mass and
orthogonal to the orbital plane. We also compute global
quantities, integrated over the whole computational domain,
such as the total magnetic energy Emag, kinetic energy Ekin,
thermal energy Eth, and rotational kinetic energy Erot, as
given by

Emag ¼
1

2

Z
B2 ffiffiffi

γ
p

dx3; ð2Þ

Ekin ¼
1

2

Z
ρv2

ffiffiffi
γ

p
dx3; ð3Þ

Eth ¼
Z

ρWðϵ − ϵcoldÞ ffiffiffi
γ

p
dx3; ð4Þ

Erot ¼
1

2

Z
ΩTt

ϕ

ffiffiffi
γ

p
dx3; ð5Þ

where Tt
ϕ are the time-azimuthal components of the stress-

energy tensor for a perfect fluid [55].
In addition, we compute the spectral distribution of the

kinetic and magnetic energies over the spatial scales. For
the magnetic spectra, we also calculate the poloidal and
toroidal contributions separately. Further details of the
numerical procedure to calculate the spectra can be found

in [46,47,55,72]. With these spectrum distributions we can
define the spectra-weighted average wave number,

hki≡
R
k kEðkÞdkR
k EðkÞdk

; ð6Þ

with an associated length scale hLi ¼ 2π=hki which
represents the typical coherent scale of the structures
present in the field.
Finally, we here introduce the nonaxisymmetric intensity,

a new topological indicator which might be useful to
estimate the amount of turbulence in some scenarios. We
can decompose any given vector field Ui into its average
and a residual component,

Ui ¼ Ūi þ δUi: ð7Þ

The remnant is characterized by a growing axial symmetry,
such that the flow becomes mostly dominated by the
azimuthal component of the vector fields. Then, for each
distance R to the center of mass, we consider the averages
of this azimuthal component over the circle in the orbital
plane zorb, namely,

ŪϕðRÞ ¼
1

2π

Z
2π

0

UϕðR;ϕ; zorbÞdϕ; ð8Þ

δUϕðRÞ ¼
1

2π

Z
2π

0

jUϕðR;ϕ; zorbÞ − ŪϕðRÞjdϕ: ð9Þ

We then define the axisymmetric energy contributions of
the average and the residuals as follows:

ĒðRÞ ¼ ŪϕŪϕ; δEðRÞ ¼ δUϕδUϕ; ð10Þ

which allow us to calculate the following magnetic and
kinetic indicators (i.e., using Ui ¼ Bi and Ui ¼ ffiffiffi

ρ
p

vi,
respectively) as the fraction of nonaxisymmetric contribu-
tions to the total energy, that is

IkinðRÞ ¼
δEkin

Ēkinþ δEkin
; ImagðRÞ ¼

δEmag

Ēmagþ δEmag
: ð11Þ

Although we are taking into account only the toroidal
contribution to the energy, which is the dominant one, we
have checked that similar values are obtained when the
other components are also included. These axisymmetric
indicators are zero for perfect axial symmetry and approach
one if the residuals are dominating. Note that with these
definitions the residuals can either have a turbulent origin
(small scales), or can consist of large/intermediate non-
axisymmetric modes. Therefore, we infer how relevant is
the turbulence by looking simultaneously at the axisym-
metric indicators, the spectra, and visualize the orbital
plane slices.
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III. RESULTS

Several MHD processes operate during and after the
merger of the stars to amplify and sustain the magnetic field
in timescales up to hundreds of milliseconds. The most
relevant ones that have been proposed for this scenario
include the KHI, the MRI, and the winding mechanism.
First, the shear layer that forms when the surfaces of the
neutron stars touch is subject to the KHI, which generates a
turbulent state that can lead to a small-scale dynamo.
Secondly, the strong differential rotation tends to wind
up the magnetic field lines, shearing the poloidal compo-
nent to amplify the toroidal one. The MRI [31,32] could
also amplify the magnetic field if an ordered large-scale
field is present (late stages of postmerger), though a firm
evidence in BNS mergers with realistic turbulent magnetic
topology is still lacking (see [47] for a detailed interpre-
tation). These processes will be the subject of our dis-
cussion in the next section, after presenting the results of
our simulations.

A. Qualitative dynamics

The BNS system merges approximately after 5 orbits,
producing a differentially rotating remnant that relaxes to a
hypermassive neutron star in a few milliseconds. Just before
the merger occurs (hereafter, t ¼ 0), we set a purely poloidal
magnetic field distributed over the interior of each star with
a maximum magnetic field of 5 × 1011 G at their centers.
Some representative time snapshots of the simulation,

showing the merger and postmerger magnetic field dynam-
ics in the orbital plane z ¼ 0, are displayed in Fig. 1. They
show how the shape of the remnant quickly restructures
itself from two cores that rotate and bounce towards each
other into a differentially rotating single remnant. The KHI
is produced in the shear layer of thickness d between two
fluids moving with opposite directions. All the modes with
wavelength λ > d are going to be unstable and produce
vortexes, twisting the magnetic fields and amplifying their
strength exponentially in a timescale much smaller than the
characteristic timescale of the system. The KHI can be
observed in the first row of the figure, with a magnetic field
reaching maximum local values of ∼1017 G. Smaller wave-
lengths grow faster and interact with the other eddies,
inducing a turbulent state that further amplifies the magnetic
energy via small-scale dynamo processes and propagates to
all the remnant due to the rotation and the bouncing of the
cores. In the third row, at later times after the merger, the
magnetic field changes from fully turbulent to a very
structured shape mainly due to the winding mechanism.
This seems to be one of the main processes dominating the
evolution of magnetic fields for t≳ 25 ms, when the
remnant has an almost axisymmetric structure. On the z ¼
0 plane, a ring structure in the magnetic field strength
develops near ∼5 km at these late times.

In Fig. 2, different relevant quantities are plotted at the
meridional plane. From top to bottom, they represent,
respectively: the density, the magnetic field, the angular
velocity, and β−1 at t ¼ ð10; 50; 100Þ ms after the merger.
From these plots, one can see that the aforementioned
magnetic rings seen on the z ¼ 0 plane correspond to
roughly cylindrical structures close to the center. The
density plots include solid lines that represent isodensity
surfaces at ρ ¼ f5 × 1010; 1011; 1012; 1013g g cm−3. The
density and the angular velocity slices show that the
remnant strongly approaches axial symmetry at late times,
especially in its densest part. The angular velocity grows
from its value at the inner region to a peak value at ∼7 km,
and then decays quickly in the meridional direction and
more softly in the radial one. Matter is filling the regions
near the z-axis, above and below the remnant, which barely
rotates at 100 ms after the merger. The β−1 slices show that
most of the remnant is governed by the fluid pressure.
The streamlines of the magnetic field lines are displayed

in Fig. 3 at t ¼ f15; 50; 110g ms after the merger, where
the gray/black contours represent constant density surfaces.
We can see that an helicoidal structure, with a high
magnitude near the bulk of the remnant, is gradually being
formed at times ≳50 ms. The helicoidal structure seems to
be a necessary condition for a jet formation. However, this
part of the remnant is still matter dominated (as seen in the
β−1 slices from Fig. 2), probably due to the lack of neutrino
pressure which would help clearing the funnel near the
z-axis [42,79].
Finally, the above-mentioned intense magnetic rings

seen in Fig. 1 can be observed more clearly in Fig. 4. It
displays the toroidal component of the magnetic field
together with isosurfaces of angular velocity at t ¼
110 ms after the merger. The differential rotation in the
remnant amplifies the toroidal component, which changes
from clockwise to counterclockwise depending on radii.
The maximum of the angular velocity (where its radial
derivative vanishes) matches with a ring of very low
magnetic field, as one would expect if such structures
were produced by magnetic winding.

B. Energetics evolution

A more quantitative analysis of the results can be
achieved by performing global spatial integrations of
different relevant quantities. In Fig. 5 are displayed the
volume-integrated evolution of the thermal, rotational, and
magnetic energies as a function of time. A few milliseconds
after the merger, both thermal and rotational energies have a
nearly constant value near 1053 erg. The magnetic energy is
amplified to approximately 1050 erg in the first ∼5 ms after
the merger, and then it rises up to almost 1051 erg by the
end of our simulation at t ∼ 110 ms.
The growth of the average magnetic field is observed

more clearly in Fig. 6. The average magnetic field is
decomposed into its toroidal and poloidal components and

ROLE OF TURBULENCE AND WINDING IN THE DEVELOPMENT … PHYS. REV. D 108, 103001 (2023)

103001-5



integrated either in the bulk or in the envelope. For both
regions, the firsts 5 ms after the merger are dominated by
the KHI, responsible for the high amplification of the
magnetic field, achieving root mean square values of
1016 G in the bulk and 1015 G in the envelope. At later
times, the behavior of the magnetic field differs depending
on the region. In the bulk, the toroidal part becomes the
dominant contribution to the magnetic field. At ∼15 ms
after merger, the toroidal component increases linearly in
time due to the winding mechanism. The poloidal compo-
nent, however, decays by 1 order of magnitude, becoming
nearly constant until ∼90 ms after merger. On the other
hand, the envelope shows a constant toroidal magnetic field

strength close to 1015 G and a poloidal component smaller
by a factor of a few. At later times, ≳50 ms, the toroidal
component also grows within this region, although it
presents some oscillations. This is more clear in the inset
of Fig. 6.

C. Spatial distribution

Some representative time snapshots of the toroidal and
poloidal magnetic field components are displayed in Fig. 7.
Both components are dominated by the turbulent dynamics
at the initial stage. However, at later times, persistent
intermediate-scale structures of kilometer size develop

FIG. 1. Magnetic field evolution in the orbital plane. The magnetic field strength jB⃗j is shown in logarithmic scale at times
t ¼ f0.5; 1.25; 2.5; 3.75; 5; 15; 25; 50; 110g ms after the merger. Outer and inner black lines depict density contours of ρ ¼ 1013 g cm−3
and 5 × 1014 g cm−3, respectively. The length is given in units of km.
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FIG. 2. Two dimensional plots in the meridional plane. The rows show, from top to bottom, the rest-mass density in [g cm−3], magnetic
field intensity in [G], angular velocity of the fluid Ω in [rad s−1], and inverse of β factor, at t ¼ f10; 50; 100g ms after the merger (first,
second, and third columns, respectively). The black solid lines in the rest-mass density slices represent constant density surfaces at
ρ ¼ f5 × 1010; 1011; 1012; 1013g g cm−3. The length is given in km.
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mostly in the remnant’s bulk, first in the toroidal compo-
nent (with a teddy bear face shape) and posteriorly in the
poloidal one. Such complex structures, initially produced in
a highly turbulent environment, crystallize and remain
almost unaltered while expanding and increasing their
strength for the rest of the evolution.
Notice that the distribution of the magnetic field is

correlated with the angular velocity profile. This is shown
more clearly in Fig. 8, where these fields are plotted as a
function of radii for different times after the merger. The
poloidal component of the magnetic field (amplified by 1
order of magnitude in order to see its behavior) reaches
maximum values at about 5 ms after merger. Then, the
angular velocity induces an energy transfer from the
poloidal to the toroidal component. This is reflected as
a decay of the poloidal component at later times. On the
other hand, the toroidal component grows linearly due to
the winding mechanism at times ≳20 ms in the region of
the bulk with the largest radial gradient of the angular
velocity, approximately located at ∼5 km.

In Fig. 9 we have estimated the degree of turbulence
of the velocity and magnetic fields in the equatorial plane
with the nonaxisymmetric indicator definitions given by
Eq. (11). At times t≳ 15 ms the velocity field is highly
axisymmetric (Ikin ∼ 0.1%). On the contrary, the magnetic
field is highly nonaxisymmetric everywhere at ∼15 ms and
decays only within the bulk of the remnant at later times,
while it is sustained in the envelope at all times. Notice that
although the kinetic turbulent energy is relatively small, in
absolute values it is still of the same order as the total
magnetic energy in this scenario. A visual inspection of the
orbital plane in Fig. 1 indicates that the residuals respon-
sible for the high values of Imag at R > 10 km are indeed
given by turbulent small scales, although the presence of
spiral armlike intermediate scales is also apparent, espe-
cially at the late times (bottom-right panel).

D. Spectral distribution

In Fig. 10 we compute the kinetic and magnetic
energy spectra at different times after the merger

FIG. 3. Jet formation. Streamlines of the magnetic field, at times t ¼ f15; 50; 110g ms after the merger (first, second, and third
columns, respectively). The top panels employ seeds distributed isotropically for the streamline integration, while the bottom panels
have seeds near the z-axis. The density constant surface at ρ ¼ 5 × 1010 g cm−3 is also shown. Notice the helicoidal jetlike structure
developing during the postmerger phase.
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t ¼ f5; 10; 20; 30; 50; 80; 100; 110g ms. The solid slope is
the Kolmogorov spectra power law and the dotted slope is
the Kazantsev one. The solid dots correspond to the
averaged wave number, which can be used to define a
characteristic length of the system. At t ¼ 5 ms, the two
components of the magnetic energy are almost identical,
indicating that they were amplified equally during the
isotropic turbulent regime. However, already at 20 ms after
merger, the differences between them are notorious. The
toroidal component of the magnetic field changes from
Kazantsev to Kolmogorov power law in the intermediate
scales, as pointed out in [47]. At later times, a peak in the
toroidal component has formed roughly at a spatial length of
∼3.5 km. The magnetic energy reaches equipartition with

the kinetic one at these length scales at t ∼ 50 ms. The
toroidal component largely dominates during this growing
phase, suggesting winding as the main responsible mecha-
nism. For late times, we note two quite symmetric slopes in a
narrow intermediate k-range, which are best fitted by power
laws ∼k�9=2, respectively, indicated in the figure. On the
other hand, the poloidal component of the magnetic field
decays at 20 ms after merger and gradually flattens.

FIG. 6. Average intensity of magnetic field components.
Evolution of the averaged intensity of the magnetic field (solid),
the poloidal (dotted) and toroidal (dashed) components in the
bulk and envelope regimes of the remnant. Notice the monotonic
growth of the toroidal component for t ≳ 50 ms and the increase
in the poloidal one for t ≳ 100 ms. Solid lines correspond to a
growth linear in time, as the one expected to be produced by
the winding.

FIG. 5. Energy evolution. Rotational (dashed), thermal (solid),
and magnetic (dotted) energies, integrated over the whole
simulation domain.

FIG. 4. Magnetic field evolution. Top: toroidal magnetic field
intensity in the orbital plane at t ¼ 110 ms after the merger. The
solid colored lines correspond to constant angular velocity
surfaces Ω ¼ ð7000; 9000; 10000Þ rad=s. The toroidal field is
large and positive in the region where the angular velocity
increases; it is close to zero near the velocity peak and becomes
large and negative when the angular velocity decreases. Bottom:
streamlines of the magnetic field. The colors indicate the intensity
of the toroidal magnetic field, as in the top panel.
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FIG. 8. Envelopeþ bulk average quantities as a function of the
cylindrical radii. Toroidal (solid lines) and poloidal (×10, dashed
lines) components of the magnetic field. The angular velocity
(dotted lines) is represented in the right axis. The poloidal
component has been magnified 1 order of magnitude for
visualization purposes.

FIG. 7. Magnetic field components in the meridional plane. Toroidal (top row) and norm of the poloidal (bottom row) components of
the magnetic field at times t ¼ f15; 50; 110g ms after the merger. Persistent large-field structures, with a “teddy bear face” shape, are
being formed in the bulk for the toroidal component.

FIG. 9. Estimations of the level of turbulence. Kinetic (solid
lines) and magnetic (dotted lines) nonaxisymmetric intensities in
the equatorial plane, as defined by Eq. (11). Clearly, the kinetic
energy is dominated by the azimuthal average of the velocity field
for times t ≳ 15 ms. The magnetic field, on the other hand, is
highly nonaxisymmetric everywhere at times t ∼ 15 ms. How-
ever, at later times, a large-scale magnetic field develops in the
bulk of the remnant such that it becomes more axisymmetric,
indicating that the degree of turbulence drops in that region.
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In Fig. 11, we have plotted the characteristic length of the
toroidal and poloidal magnetic field components as a
function of time. Soon after the merger the fields are
turbulent and the characteristic or coherent scale is very
small. However, the turbulent diffusivity and the differential
rotation produce a quick growth of the characteristic scales

for both components. For times t≳ 30 ms, they adjust
remarkably well with a logarithmic curve. In particular, by
the end of the simulation the toroidal component reaches
values hLi ∼ 3.5 km. This is also in agreement with the
appearance of spiral-like coherent structures at intermediate
scales mentioned before.

IV. DISCUSSION ON THE MAGNETIC
FIELD DYNAMICS

Here we will discuss the processes that affect the
magnetic field dynamics, together with the evidences from
our simulations that supports the emerging picture.

(i) At the merger, the shear layer between the two stars
induces the KHI. The nonlinear interaction of the
eddies forming near the shear layer produces a
turbulent regime, which expands to all the remnants
due to the bouncing of the cores and the rotation (see
first and second row of Fig. 1). The magnetic fields
are twisted by the turbulent flow and grow exponen-
tially, reaching a turbulent, quasi-isotropic statewith
average magnitudes of 1016 G in less than 5 ms after
the merger. There are strong compelling arguments
that support these quantitative results. First, the
energy spectra at the end of this phase (i.e.,
t ¼ 5 ms) follows the expected distributions for a
turbulent flow in the kinematic regime, when the
magnetic field is still dynamically unimportant (see

FIG. 10. Magnetic energy spectra. Kinetic (solid) and magnetic energy spectra (black dashed) as a function of the wave number. The
toroidal and poloidal components of the magnetic field are represented in red and green colors. From left to right and from top to bottom,
t ¼ f5; 10; 20; 30; 50; 80; 100; 110g ms after the merger. Dotted and solid straight lines correspond to Kazantsev and Kolmogorov
slopes, k3=2 and k−5=3, respectively. The dashed and dashed-dotted slopes k�4.5 indicate how the toroidal magnetic energy behaves near
the equipartition peak at k ∼ 2 × 10−5.

FIG. 11. Average characteristic wavelengths. Average character-
istic length of toroidal (blue) and poloidal (orange) as a function of
time, computed using hLi ¼ 2π=hki. The adjustment corresponds
to logarithm curve hLi ¼ a lnðtÞ þ b for t ≳ 30 ms. For the
toroidal component, the curve adjusts remarkably well with an
equation of hLi ¼ 0.679 lnðtÞ þ 0.251 km, while the poloidal
component is well fitted with hLi ¼ 0.279 lnðtÞ þ 0.366 km.
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the top left panel in Fig. 10). In the inertial range, the
kinetic spectra decays with the Kolmogorov power
law, whereas the magnetic spectrum at low wave
numbers grows with the Kazantsev power law. The
toroidal and poloidal contributions to the magnetic
spectra are comparable, as one would expect in an
isotropic turbulent regime. Besides the consistency
of the spectra, there are other evidences: the most
relevant is the convergence of our results, in simu-
lations with and without the gradient SGS model for
different resolutions [47] and initial magnetic field
configurations [48], strongly indicating that the
saturation values of the magnetic field and the
isotropic turbulent character of the fields at this stage
are indeed correct.

(ii) At t ∼ 5 ms, turbulence on the magnetic fields is
very intense, while the velocity fields are mostly
axisymmetric with small turbulent deviations. This
statement is supported by the nonaxisymmetric
intensities displayed in Fig. 9, which are a proxy
to the degree of turbulence. This configuration have
two effects. First, the angular velocity breaks the
isotropic turbulent state reached during the KHI and
will transfer part of the poloidal to toroidal magnetic
field in a short timescale t≲ 30 ms (see in Fig. 6 the
quick decay at those times of the poloidal compo-
nent, especially in the bulk). Second, in approxi-
mately the same timescales, the intense magnetic
field turbulence enhances an effective resistivity
which leads to the diffusion of the small-scale
magnetic fields, transferring energy into larger
spatial scales. The magnetic fields reach a coherent
or characteristic length scale ∼2.5 km at t ∼ 30 ms,
as it can be observed in Fig. 11.

(iii) At this point, when the coherent scales are suffi-
ciently large, the winding mechanism becomes
efficient and amplifies linearly the toroidal compo-
nent by shearing the poloidal one, as it is shown in
Fig. 6. The effective turbulent resistivity decreases in
the bulk region as the magnetic turbulence becomes
weaker (see the monotonic decay for t≳ 15 ms in
Fig. 9). This is consistent with the evolution of the
characteristic magnetic field scale displayed in
Fig. 11, where in the early times the small scales
govern the dynamics, but it rapidly restructures into
larger scales in approximately the first 30 ms after
the merger. Later on, the growth of the coherent
magnetic field scale is slowed down.

(iv) As the magnetic field acquires a more and more
ordered large-scale toroidal structure, the fluid can
be potentially subject to the MRI in the region where
∂RΩ < 0. The angular velocity at R≳ 6–7 km
follows a nearly-Keplerian profile Ω ∼ R−3=2, sat-
isfying the previous condition. The trends seen in
Fig. 9, where Imag ∼ 1 only in the region where MRI

is allowed, are possibly compatible with this sce-
nario. A more definitive proof would follow from
the evaluation and comparison of the simulated and
predicted excited wavelengths λMRI, a hardly pos-
sible task in this scenario given the very complex
background and residual topology (i.e., the classical
and widespread used evaluations of λMRI assume a
background, stable, homogeneous field, totally
incompatible with the one observed here). In par-
ticular, the observed formation of spiral-like coher-
ent intermediate scales at very late time, contributing
to Imag, needs to be understood more in detail.
Regardless of the formal labeling of the process, the
nonlinear mechanism acting in the differentially
rotating envelope sustains a highly complex mag-
netic field, composed of small and intermediate
scales, for all times spanned in our simulation. This
same mechanism begins to convert toroidal into
poloidal field for t≳ 90 ms (see again Fig. 6).

For a more quantitative modeling to explain the
previously discussed results, let us consider an almost
axisymmetric configuration in cylindrical coordinates
ðR;ϕ; zÞ. Velocity and magnetic fields can be decomposed
into poloidal and toroidal components,

v ¼ vP þ ΩRϕ̂; B ¼ BP þ Bϕϕ̂; ð12Þ

where Ω ¼ ΩðR; zÞ and BP ¼ ∇ ×A ¼ ∇ × ðAϕ̂Þ. Within
these assumptions, it is straightforward to write down the
induction equation as (see, e.g., Sec. 6.3 in [80])

∂tAþ 1

R
vP ·∇ðRAÞ ¼ αBϕ þ ηð∇2 − R−2ÞA ð13Þ

∂tBϕþR∇ ·

�
BϕvP
R

�
¼RBP ·∇Ωþηð∇2−R−2ÞBϕ: ð14Þ

These equations describe mainly the advection of both
components with the poloidal velocity, modified by source
terms which account for three different effects.
The first term in the right-hand side of Eq. (14) represents

the familiar winding mechanism, i.e., the generation of
toroidal field by the shearing of the poloidal one due to
differential rotation. The other two terms, proportional to α
and η, appear only when decomposing the induction
equation into a large-scale mean field and small-scale
turbulent residual. With that decomposition, the mean
electromotive force can be linearly expanded as a function
of the magnetic field, generating these two new terms [80].
The first term in the right-hand side of Eq. (13) predicts a
growth of the poloidal component, proportional to the
toroidal component Bϕ, and parametrized by the turbulent
coefficient α. The last terms in both Eqs. (13) and (14) are
diffusion terms proportional to the turbulent resistivity η.
These terms are necessary to diffuse the small scales and
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produce large-scale fields. Therefore, the large-scale differ-
ential rotation generates toroidal from the poloidal magnetic
field, while the small-scale convective eddies allow the
conversion from the toroidal component to the poloidal one.
Moreover, the turbulent resistivity facilitates the diffusion
from small to large scales.
Let us simplify the system of Eqs. (13) and (14) by

considering very small convective motions vP ≈ 0. In a
nearly quasistationary state both the angular velocity and
the poloidal magnetic field vary slowly with time
∂tBP ≈ ∂tΩ ≈ 0. Assuming also that the small-scale effects
are negligible (i.e., α ≈ η ≈ 0), the toroidal component
Bϕ ¼ Bϕ=R evolves as [28]

BϕðtÞ − Bϕðt0Þ ¼ ½BR
∂RΩþ Bz

∂zΩ�ðt − t0Þ

≈ 1016 G

�
BR

1015 G

��
ΔΩ

2 rad=ms

�

×

�
4 km
ΔR

��
t

15 ms

�
; ð15Þ

where we have used typical values for the fields in the bulk
of the remnant. This simple estimate shows that the toroidal
magnetic field can grow linearly to ultrastrong levels in
very short timescales.
Further insight on these simplified solutions can be

obtained by considering first the case where the gradients
of the angular velocity along the z-direction are much
smaller than along the radial direction (i.e., ∂RΩ ≫ ∂zΩ). In
the remnant produced by the binary merger, the angular
velocity is nonmonotonic: it grows from its central value
(i.e., ∂RΩ > 0), reaches a maximum Ωmax at R ≈ 6 km, and
then it decays at larger radii with a nearly Keplerian profile
ΩðRÞ ∼ R−3=2 (i.e., ∂RΩ ≈ −3Ω=ð2RÞ < 0). According to
Eq. (15), this implies that the toroidal component will

remain constant in the peak where ∂RΩ ¼ 0, but it will
grow in time with different signs on each side of the peak.
This switch in the sign of the toroidal magnetic field
component can be clearly observed in Fig. 4.
We can also consider the opposite case, by allowing only

gradients of the angular velocity along the z-direction. Let
us consider an angular velocity profile ΩðR; zÞ which
decreases as we move out of the z ¼ 0 plane. The shear
in the z-direction generates torsional Alfvén waves along
each field line, propagating away from the equatorial plane.
If this shearing is sustained in time, it will form an
helicoidal magnetic field structure equivalent to the one
presented in Fig. 3.

V. CONFIRMATION OF UNIVERSALITY
OF THE EVOLVED TOPOLOGY

It has been suggested recently that magnetic fields
confined in the outermost layers could lead to a different
final configuration in the remnant than when they are
distributed through all the star [56]. Here we also address
this question by comparing our long simulation, in which the
magnetic field is initially distributed over all the star, with
another one in which the initial magnetic field is confined
only to the outermost layers. This new simulation is evolved
only up to 7.5 ms after the merger. Following [56], we set the
potential vector to Ai ∝ ðxj − xjNSÞϵij exp ½−gwðr − grÞ2�
maxðP − Pcut; 0Þn, being xjNS the coordinate centers of
the two stars and ϵij is the Levi-Civita symbol. We use
the same values for the parameters ðgw; gr; nÞ as in [56].
Figure 12 shows the evolution of this merger at t ¼

f0.5; 2.5; 5g ms after the merger in the orbital plane, to be
compared with Fig. 1. As it can be seen from the slices, the
magnetic field also is amplified up to local values of 1017 G
in less than 5 ms after the merger. By comparing both

FIG. 12. Magnetic field confined in the crust. Values of the magnetic field intensity jB⃗j in the orbital plane at t ¼ f0.5; 2.5; 5g ms after
the merger. Outer and inner black lines correspond to constant density contours with ρ ¼ 1013 and 5 × 1014 g cm−3, respectively. The
length is given in [km].
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Figs. 1 and 12, no significant visual differences can be
appreciated in the remnant after those times.
In Fig. 13, we represent the volume-average energies for

both simulations (thermal, rotational, and magnetic) as a
function of time. The results obtained are comparable for
the magnetic energies, with negligible differences in both
thermal and rotational energies.
Figure 14 shows the spectral energies comparison

between the two simulations at different times after merger,
i.e., t ¼ f1.25; 2.5; 7.5g ms. Although at short times there
are some differences on the magnetic energy spectrum, they
vanish at later times. This suggests that the KHI also
amplifies efficiently the magnetic energy in the very first
milliseconds after merger, even if they are initially confined
exclusively within the outermost layers.

VI. CONCLUSIONS

In this paper we have performed a LES with the gradient
SGS model to accurately capture the magnetic field
dynamics during and after BNS mergers. This simulation,
although similar to the medium-resolution LES performed
in [47], includes two significant differences. First, the SGS
gradient model is applied not only in the bulk but also in the
envelope, which allows us to include the effects of small-
scales into the larger ones also in that region. Second, the
simulation is extended up to 110 ms after the merger, a
sufficiently long timescale as to study the relevant dynam-
ics occurring in the remnant.
The magnetic field magnitude of Gyr-old neutron stars,

i.e., the age at which they can merge, is observed to be
≲1011 G [45]. We use similar realistic values in our initial
setup. During the merger, there is a turbulent magnetic
amplification phase triggered by the KHI. In the bulk
region of the remnant, the average magnetic field strength
is exponentially amplified up to ∼1016 G by this mecha-
nism in less than ∼5 ms after the merger. Since the
turbulence is nearly isotropic, both toroidal and poloidal
magnetic field components reach similar values. From
there on, the enhanced turbulent resistivity, and then the
winding up effect, are the main drivers of the magnetic
field dynamics. The turbulent resistivity enhances the
diffusion of small scales, developing magnetic fields in
coherent scales of a few km in t≲ 30 ms. The winding
mechanism acts at all times. At t≲ 30 ms, it mainly
converts the poloidal into a toroidal field. Then, when
the coherent magnetic field scales are large enough, it
becomes more efficient and it is responsible for the linear-
in-time growth of the toroidal component of the magnetic
field, creating an helicoidal structure. The average strength
of the mainly turbulent poloidal component remains

FIG. 13. Energy evolution. Rotational (dashed lines), thermal
(solid lines), and magnetic (dotted) energies integrated over the
whole dominion for different simulations as a function of time.
Notice the comparable values reached by the magnetic energies.

FIG. 14. Energy spectra. Kinetic (solid), magnetic (dashed) energy spectra for different configurations as a function of the wave
number at, from left to right, t ¼ f1.25; 2.5; 7.5g ms after the merger. The magnetic one has also been decomposed into its toroidal
(dotted) and poloidal (dashed-dotted) components. The solid thin black line corresponds to the Kolmogorov slope, while the dotted one
belongs to the Kazantsev slope. The large dots are the wave numbers which contain, on average, most of the energy of each spectra.
Although there are some differences at early times, they are negligible at times t ≳ 5 ms after the merger.
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merely constant up to t ∼ 90 ms, when it starts to grow.
Although our results suggest that a magnetically domi-
nated helicoidal structure is slowly being formed, it needs
longer times to fully develop under these conditions. It is
also true that the inclusion of a more detailed neutrino
transport might accelerate this process, cleaning the funnel
region near the z-axis and allowing the magnetic field
tower to expand along that direction more easily.
We would like to strongly remark that:
(i) our results do not imply that one can effectively

model the exponential amplification produced dur-
ing the KHI by starting with a strong large-scale
poloidal magnetic field. In that case, the final state
might be already contaminated by the large-scale
magnetic field, leading to an accelerated growth due
to the winding mechanism and ignoring completely
the dominant small-scale structures. The posterior
evolution might be, at best, shifted in time with
respect to the correct one. In the worst case, the
nonlinear dynamics might produce unrealistic re-
sults (i.e., like the early production of jets when there
should be none, since they are facilitated by large-
scale magnetic fields).

(ii) our simulations (in present and past works [46–48])
indicate that in the absence of enough numerical
resolution, the use of strong magnetic fields could be
physically acceptable only if their topology is
dominated by an axisymmetric toroidal component
with highly turbulent homogeneous perturbations, as
seen for the saturation state after the KHI phase.

Finally, we have compared the magnetic field dynamics
when the initial magnetic field is either confined in the
outermost layers or distributed over all the star. We found
that the magnetic field amplification is similar in these two
cases. They are also comparable to other simulations
presented in [48], in which we studied specifically the
dependence on the initial configurations of the magnetic
field. On the contrary, significant differences have been
observed in [56]. There might be several reasons which
could explain such divergent results. One explanation could
be the effective numerical resolution. In [47], the minimum
resolution needed in order to obtain convergence of the

magnetic field during the KHI was at least Δx ¼ 30 m in
simulations with high-order schemes without the inclusion
of the gradient SGSmodel. By using the LES, the resolution
requirements were less restrictive, and similar results were
obtained with Δx ¼ 60 m. The simulations in [56] were
performed using similar high-order schemes, but with a
maximum resolution of Δx ¼ 70 m and without any SGS
model, which might have not been enough to faithfully
capture all relevant scales developing in the KHI. Another
possible explanation could be that the EOS employed in
[56] does not allow much bouncing of the cores during the
merger, limiting severely the redistribution of the magnetic
fields amplified in the shear layer through the rest of the
remnant. In particular, when the amplified magnetic fields
remain in the envelope without digging its way to the bulk,
they might be ejected at later times with the disrupted
matter. The possible dependence of the EOS in the final
distribution of the magnetic field is an interesting issue
currently under study.
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