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✴brief introduction to relativistic hydrodynamics
✴what we understand about BNSs
✴characteristic frequencies and quasi-universality
• inspiral: frequency at amplitude peak 
• merger/post-merger: EOS information from PSD peaks 

✴MHD simulations and EM counterparts
• HMNS: MRI and magnetically driven winds 
• IMHD vs RMHD
• extended x-ray emission

Plan of the lectures

No good/bad questions. There are only questions: ask them!



Extending the work to ideal MHD 

•can B-fields be detected during the inspiral?
NSs have large magnetic fields and it is natural to ask:

•can B-fields be detected in the HMNS? 

•can B-fields grow after BH formation?



Answering these questions requires extending the equations 
to magnetohydrodynamics (MHD)

This is far from simple as new equations and new numerical 
methods are needed.
Simplest approximation (which is a good one before merger) 
is that of ideal-MHD (IMHD): infinite electrical conductivity

Tµ⌫ = (e+ p)uµu⌫ + pgµ⌫ + Fµ
�F⌫� � 1

4
gµ⌫ F�↵F�↵,

r⌫(F
µ⌫ + gµ⌫ ) = Iµ � nµ , r⌫(

⇤Fµ⌫ + gµ⌫�) = �nµ�,

r⌫Tµ⌫ = 0 Ei = �✏ijkvjBk

Extending the work to ideal MHD 



Animations:, LR, Koppitz

Typical evolution for a magnetized binary 
(hot EOS) M = 1.5M�, B0 = 1012 G

B-fields during inspiral phase



Magnetic fields in the HMNS have complex 
topology: dipolar fields are destroyed.



Waveforms: comparing against magnetic fields

Compare B/no-B field:

•the evolution in the inspiral is 
different but only for ultra large 
B-fields (i.e. B~1017 G). For 
realistic fields the difference is 
not significant.

•the post-merger evolution is 
different for all masses; strong B-
fields delay the collapse to BH 



O[hB1 , hB2 ] �
⇤hB1 |hB2⌅�

⇤hB1 |hB1⌅⇤hB2 |hB2⌅

⇤hB1 |hB2⌅ � 4⇥
� ⇥

0
df

h̃B1(f)h̃�
B2

(f)
Sh(f)

To quantify the differences and determine whether detectors 
will see a difference in the inspiral, we calculate the overlap

where the scalar product is

In essence, at these res:
O[hB0 , hB ] � 0.999

B � 1017 Gfor

Influence of B-fields on inspiral 
is unlikely to be detected

Can we detect B-fields in the inspiral?



MHD instabilities and 
B-field amplifications



Extending the work to ideal MHD 

Giacomazzo, LR, Baiotti (2009)

•can B-fields be detected during the inspiral?
✴NO: present and future GW detectors will not be 
sensitive enough to measure the small differences 

NSs have large magnetic fields and it is natural to ask:

•can B-fields be detected in the HMNS? 

•can B-fields grow after BH formation?



MHD instabilities and B-field amplifications

(Baiotti+2008)

•at the merger, the NS create a strong shear layer which could lead to 
a Kelvin-Helmholtz instability; magnetic field can be amplified



MHD instabilities and B-field amplifications

4 GIACOMAZZO ET AL.

Figure 3. Evolution of the mean value of the magnetic field when the subgrid
model is implemented (black solid line) and when it is not (blue dashed line).
The vertical dashed line shows the time of merger (when the NS cores col-
lide). While in a “standard” simulation, i.e. a simulation where the subgrid
model is not implemented, the magnetic field grows by only ⇠ 1 order of
magnitude, in the simulation implementing the subgrid model the magnetic
field grows up to ⇠ 1016G and it saturates when reaching equipartition with
the kinetic energy of the fluid in the turbulent regions.

equatorial plane of the rest-mass density ⇢, of |r⇥ v| (top-
left panel), of �w (top-right panel), of S

subgrid

(bottom-
left panel), and of the magnetic energy density b

2 (bottom-
right panel). In the last panel we compare in particular the
magnetic energy density between a “standard” evolution (left
side) and the case in which the subgrid model is implemented
(right side). From these figures one can see that the regions
where S

subgrid

is non zero and the magnetic field is ampli-
fied are indeed those where the Kelvin-Helmholtz instability
is more active (compare also with Price & Rosswog 2006 and
Baiotti et al. 2008). In those regions indeed both the vorticity
(|r ⇥ v|) and �w are much larger than zero and have their
maximum values. Note also that the vorticity is quite large
also in regions outside the central region. The choice of our
parameters in equation 6 is such that those regions are ex-
cluded, since the turbulence there, which is anyway smaller
than in the central regions, is due to the interaction with the
artificial atmosphere.

In figure 2 we show how the amplification changes with
resolution. We reran the same model with one higher res-
olution (�x = 0.12 ⇡ 180m) and two lower resolutions
(�x = 0.20 ⇡ 300m and �x = 0.24 ⇡ 360m). In fig-
ure 2 we plot the evolution of the magnetic energy and while
the lowest resolution run (red dotted line) shows only a mod-
est increase due to just two orders of magnitude amplifica-
tion in the magnetic field, the other three resolutions show a
much larger increase. In particular the two highest resolution
runs produce the same magnetic energy (and the same mag-
netic field values) indicating that saturation has been reached.
We note that this is the first time that such saturation level is
reached in a BNS simulation. Previous GRMHD simulations
were not able to amplify the magnetic field more than ⇠ 1

order of magnitude at merger and only the Newtonian sim-
ulations by Price & Rosswog (2006) showed large magnetic
field amplifications, but no saturation was reached and differ-
ent values were obtained for different resolutions.

Figure 4. Evolution of the magnetic energy when the subgrid model is im-
plemented (black solid line) and when it is not (blue dashed line). The ver-
tical black dashed line represents the time of merger of the two NS cores.
The red-dotted line represents instead the integral of �w computed where
Ssubgrid > 0. The values of E�w at t < 4ms are due to the artificial
shocks that develop on the NS surfaces during the inspiral (due to the fact
that we evolve our NSs using an ideal fluid EOS and that our NSs do not have
a solid crust). As one can easily see, the values of E�w during the first part
of the inspiral are at least ⇠ 2 orders of magnitude below those reached dur-
ing merger. Moreover, they do not affect the evolution of the magnetic field
as one can see both from this figure (the magnetic energy is constant as in the
standard case) and from figure 3, where the mean value, as well as the maxi-
mum (not shown), of the magnetic field does not grow during the inspiral and
it is identical to the value in the standard run (i.e, when the subgrid model is
not used).

5. LOCAL OR GLOBAL MAGNETIC FIELD AMPLIFICATION?

In figure 3 we plot the weighted-average of the magnetic
field amplitude:

B

mean

⌘
R
⇢BdVR
⇢dV

, (8)

dV being the proper volume. The black solid lines represent
the evolution of B

mean

when the subgrid model is used, while
the blue dashed line the “standard” evolution. In both cases
we used our fiducial resolution (�x = 0.15 ⇡ 220m). First
of all, while the maximum of the magnetic field saturates to
⇠ 10

17

G when the subgrid model is used, its mean value
saturates to ⇠ 10

16

G. This is a clear indication that dur-
ing the evolution the strong magnetic field generated in the
turbulent regions expands and covers a large portion of the
HMNS formed after the merger. The magnetic field amplifi-
cation is therefore not killed during the merger, but it survives
and may considerably affect the post-merger evolution (Gia-
comazzo et al. 2011). The blue dashed line represents instead
the mean value of the magnetic field when the subgrid model
is not used. In this case the magnetic field grows only by one
order of magnitude as seen in previous simulations (Giaco-
mazzo et al. 2009; Giacomazzo et al. 2011; Rezzolla et al.
2011; Kiuchi et al. 2014). By taking into account properly the
amplifications due to the subgrid scale turbulence, the mag-
netic field is amplified by ⇠ 4 orders of magnitude with re-
spect to what can be afforded by current resolutions. We ex-
pect indeed that even without our subgrid model one should
be able to obtain such large fields when employing sufficiently
large resolutions in order to reach saturation (which may not
happen for �x & 0.1m).

(Giacomazzo+2014)

•at the merger, the NS create a strong shear layer which could lead to 
a Kelvin-Helmholtz instability; magnetic field can be amplified

•sub-grid models suggest B-field grows to 1016 G (Giacomazzo+2014)

•direct simulations don’t show significant exponential growth 
(Giacomazzo+2011, Kiuchi+2014). Timescale too short? Resolution too poor?

(Kiuchi+2014)



MHD instabilities and B-field amplifications

•differentially rotating magnetized fluids develop the MRI 
(magnetorotational instability;Velikhov 1959, Chandrasekhar 1960)

•the MRI leads to exponential growth of B-field and to an outward 
transfer of angular momentum: responsible for accretion in discs 

•at the merger, the NS create a strong shear layer which could lead to 
a Kelvin-Helmholtz instability; magnetic field can be amplified

•sub-grid models suggest B-field grows to 1016 G (Giacomazzo+2014)

•direct simulations don’t show significant exponential growth 
(Giacomazzo+2011, Kiuchi+2014). Timescale too short? Resolution too poor?



G

density
B field

• cartesian grid

• 4 refinement levels,
finest gridspacing

•         and z-reflection symmetry

[0, 94.6]⇥ [0, 94.6]⇥ [0, 53.9] km

h = 44m
⇡/2

• ideal MHD (WhiskyMHD code)
• ideal-fluid EOS,
• spacetime evolution (1+log slicing, Gamma-driver)
• axisymmetric initial model

- purely poloidal B field
- differential rotation:  j-constant law

p = (�� 1)⇢✏

(Bin
c = 5e17G)

(M = 2.23M�)

First global simulations in full GR
Siegel + (2013)



0

1

2

3

4

5

z
[k

m
]

t = 0.000 ms t = 0.373 ms

0 1 2 3 4 5 6 7 8
x [km]

0

1

2

3

4

5

z
[k

m
]

t = 0.530 ms

0 1 2 3 4 5 6 7 8
x [km]

t = 0.565 ms

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6
⇥1018G

A local view in a global simulation

highest resolution ever used in 3D MHD calculations: 44 m
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Magnetic field growth: linear and exponential

• poloidal field is not amplified during 
the evolution

• toroidal field initially generated by 
magnetic winding:
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the evolution

• toroidal field initially generated by 
magnetic winding:
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MRI

    does not depend on 
magnetic field strength

⌧MRI

measured
⌧MRI,fit = (8.2± 0.4)⇥10�2 ms

order-of-mag. prediction
⌧MRI ⇠ ⌦�1 ⇡ (4� 5)⇥10�2 ms

• poloidal field is not amplified during 
the evolution

• toroidal field initially generated by 
magnetic winding:

• at              MRI sets in with growth 
time:

0.28ms

B
tor

⇡ (rBi@i⌦)t = a
w

t

Magnetic field growth: linear and exponential



• onset of channel-flow 
merging visible in upper part

• power spectrum reveals a 
single dominant mode

(apart from contributions from 
large-scale gradients)

• wavelength consistent with 
channel flows

kMRI
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An important signature: channel flows

Altogether: first evidence for development of MRI in HMNSs!



Extending the work to ideal MHD 

Giacomazzo, LR, Baiotti (2009)

•can B-fields be detected during the inspiral?
✴NO: present and future GW detectors will not be 
sensitive enough to measure the small differences 

NSs have large magnetic fields and it is natural to ask:

Giacomazzo, LR, Baiotti (2010), Siegel, LR+ (2013)

•can B-fields be detected in the HMNS? 
✴YES (in principle): different B-fields change the survival 
time of the HMNS and can grow via MRI

•can B-fields grow after BH formation?



Signatures of magnetar central engines in short GRB lightcurves 11

Figure 8 – continued

c⃝ 000 RAS, MNRAS 000, 1–??

• X-ray afterglows have been observed by Swift lasting as 
long as102-104 s (Rowlinson+ 13; Gompertz+13) 

• The x-ray afterglow could be produced by “proto-magnetar wind” 
with                                  (Zhang & Mezsaros 01, Metzger+ 11, Zhang 13).L

x

⇠ 1049 erg s�1

The puzzle of X-ray extended emission
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Magnetically driven winds
Inevitable in HMNSs with strong magnetisation 
(Shibata+11; Bucciantini+ 12; Kiuchi+12, Siegel+13); important to 
establish correlations of field topology with:
•efficiency of the emission
•geometry of the outflow
•physical properties of the outflow

Considered 3 field topologies that covering the 
ranges of possible behaviours.
Used simplified initial data (axisymmetric) but 
evolutions in 3D with very high resolutions.



poloidal magnetic field, 
neutral line at 60 km

poloidal magnetic field, 
neutral line at 6 km

random magnetic field 
(poloidal and toroidal)
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15•ideal MHD: 

•ideal-fluid EOS,
•standard gauges
•max extents:

•fine resolution: 

•7 refinement levs.
•z-reflection and 
rotation symmetry

•initial model
- axisymmetric 
- differential rotation:  

j-constant law

0.096M�,⇠ 140m

[800⇥ 800⇥ 553]M�

[1160⇥ 1160⇥ 800] km

B
max

' 2⇥ 1014 Gpoloidal magnetic field, 
neutral line at 60 km

poloidal magnetic field, 
neutral line at 6 km

random magnetic field 
(poloidal and toroidal)



Comparative table
Uniform B-field 
inside the HMNS 
leads to highly 
collimated flow and 
modest isotropic 
wind. 

Dipolar B-field 
inside the HMNS 
leads to collimated 
collimated flow and 
isotropic wind.

Random B-field 
inside the HMNS 
leads to absence of 
collimated flow and 
highly isotropic 
wind. 



Electromagnetic luminosities

• luminosities compatible with 
observations for random B-field. 

• the geometry does make a 
difference in terms of luminosity 

• poloidal B-field at 60 km yields 
luminosity ~ 100 times larger.

LEM '1048�

✓
B0

1014 G

◆2✓ Re

106 cm

◆3✓ P

10�4 s

◆�1

erg s�1,

• other topologies yield comparable luminosities.
• what matters is the energy in the system; 
• when rescaled, B-field at 60 km yields same luminosity; 
• simple scaling formula



Signatures of magnetar central engines in short GRB lightcurves 11

Figure 8 – continued

c⃝ 000 RAS, MNRAS 000, 1–??

• X-ray afterglows have been observed by Swift lasting as 
long as102-104 s (Rowlinson+ 13; Gompertz+13) 

• The x-ray afterglow could be produced by “proto-magnetar wind” 
with                                  (Zhang & Mezsaros 01, Metzger+ 11, Zhang 13).L

x

⇠ 1049 erg s�1

The puzzle of X-ray extended emission

★ is dipolar emission really taking place?
★ what is the geometry of the wind?
★ how large is the luminosity?
★ do results depend on field topology?

• NO
• essentially spherical
• ~1048 erg/s
• very sensitively 



Signatures of magnetar central engines in short GRB lightcurves 11

Figure 8 – continued

c⃝ 000 RAS, MNRAS 000, 1–??

• X-ray afterglows have been observed by Swift lasting as 
long as102-104 s (Rowlinson+ 13; Gompertz+13) 

• The x-ray afterglow could be produced by “proto-magnetar wind” 
with                                  (Zhang & Mezsaros 01, Metzger+ 11, Zhang 13).L

x

⇠ 1049 erg s�1

Even so, plateaus remain a riddle:
• differential rotation lost over 10s: what can operate for >1000s ?
• if gamma rays produced by jet, and X-rays by HMNS, how can X-

rays be an afterglow? (BH formed after HMNS!)

The puzzle of X-ray extended emission



A novel paradigm for GRBs?
LR, Kumar (2014) (also Ciolfi, Siegel 2014)

see Ciolfi’s talk



A novel paradigm for GRBs?
LR, Kumar (2014)

• solves the timescale riddle: X-ray luminosity is 
produced by BMP and can last up to 104 s 

• solves the timing riddle: X-ray emission is 
produced before gamma emission but 
propagates more slowly.

• consistent with simulations: slow wind is 
produced by a number of effects.

• proposes unifying view with long GRBS: here too 
a jet has to propagate in confining medium 

• predictions: X-ray emission possible before 
gamma; IC of thermal photons at break out.

• GW signal peak earlier than thought before.
• potential problem: need to produce a disk at 

collapse and could be difficult (Margalit+15).



Extending the work to ideal MHD 

Giacomazzo, LR, Baiotti (2009)

•can B-fields be detected during the inspiral?
✴NO: present and future GW detectors will not be 
sensitive enough to measure the small differences 

NSs have large magnetic fields and it is natural to ask:

Giacomazzo, LR, Baiotti (2010), Siegel, LR+ (2013)

•can B-fields be detected in the HMNS? 
✴YES (in principle): different B-fields change the survival 
time of the HMNS and can grow via MRI

•can B-fields grow after BH formation?



From a GW point of view, the 
binary becomes silent after BH 

formation and ringdown.

Is this really the end of the story? 

B-fields after BH formation



t ~15ms

Animations:, LR, Koppitz



J/M2 = 0.83 M
tor

= 0.063M� t
accr

' M
tor

/Ṁ ' 0.3 s



t ~27mst ~21ms

t ~15mst ~13ms

First time a magnetic jet is produced from ab-initio 
calculation: opening angle is ~ 30o



✴B-field grows exponentially 
first because of the 
magnetorotational instability:

⌧MRI = 2

✓
@⌦

@$

◆�1

' 1 ⌦�1
3 ms

�
max

' 2⇡v
A

/⌦

⇠ 104 ⌦�1

3

B
15

cm

✴B-field is mostly toroidal in 
the torus and ~1015 G. A 
poloidal component dominant 
along the BH spin axis.

✴Later on the growth is only a 
power law as the B-field 
reaches equipartition 

✴Note that material becomes unbound soon after the BH is formed indicating 
that an outflow can be produced; mildly relativistic: � . 4



Multimessenger signal
✴Note that the GW signal is 
essentially shuts-off after BH 
formation.
✴After the merger the EM 
signal starts but is essentially 
constant during the HMNS 
phase
✴After the BH formation, the 
EM signal starts to grow 
exponentially
✴At the end of the simulation 
the system has released a total 
EM energy of ~1046 erg and 
reached an EM luminosity of 
~1048 erg/s  
✴Despite the crudeness of the 
physics, the ball-park numbers 
match observations.



The GR-Resistive MHD formalism

Ideal MHD is a good approximation in the inspiral, but not a 
after the merger (high temp, low densities).

@t(
p
�Bi) + @k(��kp�Bi + ↵✏ikj

p
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�Bk(@k�
i)� ↵

p
��ij@j� ,
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�Bj) = �p

�Ek(@k�
i)� ↵

p
��ij@j � ↵

p
�J i ,

J i = qvi +W�[Ei + ✏ijkvjBk � (vkE
k)vi] ,

The current is dictated by poorly known microphysics. 
A simple prescription with scalar conductivity    is�

� ! 1 ideal-MHD (IMHD) regime

� ! 0 electrovacuum
� 6= 0 resistive-MHD (RMHD) regime

Dionysopoulou, Alic, LR (2015)

Main difference in resistive regime is the current



Dionysopoulou, LR



RMHD IMHD



NOTE: the 
magnetic jet is 
not an 
outflow. It’s a 
magnetic 
structure 
confining 
plasma.

In RMHD the 
magnetic jet 
structure is 
present from 
the scale of 
the horizon 
(resolution 
only ~150m).



In IMHD the 
magnetic jet 
structure is 
present but 
less regular.
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The magnetic 
jet structure 
maintains its 
coherence up 
to the largest 
scale of the 
system.
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Magnetically driven winds and bursting activity



•Collapse takes place earlier 
in IMHD.

•Not entirely surprising: in 
RMHD the B-field is not 
fully advected and a certain 
slippage takes place 
between plasma and B-field.

•Angular momentum 
transport is less efficient and 
this increases lifetime.

HMNS: delayed collapse to BH



�Frozen-in condition not exactly true if IMHD assumption is relaxed.
�B-field lines are allowed to drift in RMHD. 
�B-field tension and B-field braking is less efficient in removing l0.
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HMNS: delayed collapse to BH



�BH+torus+funnel reaching a quasi-stationary configuration.
�The B-field in the torus is twisted because of differential rotation.
�The magnetic field lines could potentially reconnect in the funnel.

Magnetic-field topology



�B-field is predominantly toroidal in the torus.
�The poloidal B-field is dominating in the nearly evacuated funnel.
�The conductivity in the funnel region is essentially zero.
�Evolution of B-fields is essentially vacuum EM waves.

Magnetic-field topology



✴Modelling of binary NSs in full GR is mature: GWs from the inspiral 
can be computed with precision of binary BHs.
✴Spectra of post-merger shows clear peaks: cf lines for stellar 
atmospheres. Some peaks are ”universal”.

✴If observed, post-merger signal will set tight constraints on EOS.
✴Magnetic fields unlikely to be detected during the inspiral but 
important after the merger: instabilities and EM counterparts.
✴Is a jet created? New RMHD simulations show cleaner jet structure.
✴Mass ejecta, afterglows and neutrinos are important elements of this 
picture and need to be properly accounted for.

Binary neutron stars are a rich lab of physics and astrophysics. 
Numerical relativity is a perfect tool to explore it.

Conclusions



EXTRAS: 
BNSs


