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LGRB Progenitors: Collapsars

!
MacFadyen & Woosley (1999)

accretion

replenishment

Aloy et al. (2000)

Woosley (1993): 
– Collapse of a massive (M* ~ 30M!, WR) 

rotating star that does not form a successful 
SN but collapses to a BH (MBH ~ 3M!) 
surrounded by a thick accretion disk. The 
hydrogen envelope is lost by stellar winds, 
interaction with a companion, etc.

– The viscous accretion onto the BH ⇒ strong heating 
⇒ thermal νν-annihilating preferentially around the 
axis ⇒ formation of a relativistic jet (Γ=[1-(v/c)2]-1/2 ). 

– However, the ability of producing thermally driven 
outflows with Γ≳100 is limited  

– Alternative generation: hydromagnetic 
(Blandford-Payne mechanism) or 
electromagnetic (Blandford-Znajek mechanism). 

⇒ the resulting outflow will be magnetized.
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Why do we need B-fields to grow?

WD-like 
structure

R~1000 km 
B0 ~ 109 G

pNS

collapse

R~10 km 
Bc ~ 1013 G

B-flux 
conservation

but Bc << 1015 G ⇒ collapse insufficient

LBZ = 1.7⇥ 1051a2
✓
MBH

M�

◆2 ✓ B

1015 G

◆2

erg s�1

Since we begin from 
massive stars with 
cores having WD-
like configurations  

(B0 ~108 - 109 G) 
we must amplify the 
initial (seed) B-field.

Blandford-Payne or Blandford Znajek mechanisms may account for the 
observed energetics IF HUGE B-fields develop in the stellar core:
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Why do we need B-fields to grow?

LBZ = 1.7⇥ 1051a2
✓
MBH

M�

◆2 ✓ B

1015 G

◆2

erg s�1

Blandford-Payne or Blandford Znajek mechanisms may account for the 
observed energetics IF HUGE B-fields develop in the stellar core:

But if there is: 

(differential) rotation 
+ 

convection 
+ 

seed B-fields

magnetic field 
amplification

accretion

R~10 km 
Bc ~ 1015 G?

convection 
MRI

BHpNS
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B-field growth in PNS and CC-SNe

Obergaulinger, Janka & Aloy (2014)

!
! Field amplification by 

! Convection (unstable thermal stratification) 
! Magneto-rotational instability

B10: The B-field does not 
change the dynamics of the 
core. 

B11.5: The B-field is strong enough to 
modify the post-shock flows. It 
suppresses the dissipation of bubbles, 
leading to an earlier predominance of 
large-scale bubbles and, consequently, 
an earlier onset of explosion. 

B12: The post-shock region is 
always dominated by few very 
persistent large-scale bubbles, and the 
shock exhibits very regular, slow 
oscillations, which after only ~400 ms 
turn into a rapid shock expansion.
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B-field growth in PNS and CC-SNe

Obergaulinger, a & Aloy (2014)

!
! Field amplification by 

! Convection 
! Magneto-rotational instability

After bounce: Convection + SASI amplify by 
factors ~5 the B-field as a the result of the 
number of small-eddy turnovers taking place 
within the time scale of advection through the 
post-shock layer. Due to this limit, most of our 
models do not reach equipartition between 
kinetic and magnetic energy and, consequently, 
evolve similarly to the non-magnetic case.
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Figure 8. Panel (a) compares the angularly averaged field
strength of the core as a function of enclosed mass for various
times during collapse and shortly after bounce. The times and
the corresponding central densities are listed in the legend. Panel
(b) panel shows the evolution of the magnetic field after bounce.
Each solid line is the trajectory of the radius corresponding to a
chosen value of enclosed mass as it is accreted from outside the
shock onto the PNS, i.e. one can follow its evolution from the
right to the left until it reaches its final radius at the end of the
simulation. To avoid/reduce confusion, the lines are scaled by a
constant factor; without this scaling, they would lie very close
to each other. Different symbols distinguish between different La-
grangian mass coordinates (from top to bottom as indicated in the
legend, together with the corresponding time at which the mass
value passes the shock wave). The solid lines and symbols rep-
resent the total angularly averaged magnetic field strength, and
the black dash-dot-dot-dotted lines are the average θ-components.
The pink dashed lines show the field strength that would result
from radial compression alone, and the colour of the symbols en-
codes the specific entropy of the mass shell in order to allow for an
identification of, e.g. the shock wave with pre-shock gas in black
and post-shock showing up in colours.
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Figure 9. Relative deviation of the entropy from its angular av-
erage, δs (Eq. (18)), and magnetic field lines of Model B10 for five
times after bounce.
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Figure 9. Relative deviation of the entropy from its angular av-
erage, δs (Eq. (18)), and magnetic field lines of Model B10 for five
times after bounce.
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Rembiasz et al. (2015; arXiv:1508.04799): 

(r,z,φ) = (100, 400, 100) or (200, 800, 200) 

r x z x φ =  1 km x 4 km x 1 km 

r0 =  15.5 km 

Bz0 = 4.6 x 1013 G 

λMRI = 0.33 km 

ν = η = 4.45 x 108 cm2/s

B-field saturation 
in PNS

MRI exponential growth

development of parasites: 
Goodman & Xu 1994
Pessah & Goodman 2009
Latter et al. 2009
Obergaulinger et al. 2009
Pessah 2010.

Parasites saturate the growth Final turbulent stage

1 
km

equatorial 
plane

30 km

4 km

15.5 km

⌦ = ⌦0

⇣r0
r

⌘q
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MRI in core-collapse supernovae 11

Figure 6. Radial component of the magnetic field of the three-dimensional MRI model 7 at six di↵erent times, which in Fig. 5 are marked by vertical lines.

and its amplitude, A, from a given distribution of amplitudes
ā↵[nr

, n�, nz

].
estimator for the amplitude, A↵, of the dominant mode among

these in the horizontal plane, i.e. with k = (k
r

, k�, 0)T , is

A

2
↵ =

N

r

/2X

n

r

=�N

r

/2+1

N�/2X

n�=�N�/2+1

|a↵[nr

, n�, 0]|2. (51)

It has an intuitive “physical interpretation”, namely that energy
stored in this mode (which is / A

2
↵) is distributed over (decomposed

to) the ’properly-quantised’ modes. If there are no other modes in
the system, Estimator (??) is equal to the real value of A↵ (up to a
round-o↵ error).

estimators that we found are

n̂

r

=

P
M

r

n

r

=1 w

r

↵[nr

]n
r

P
M

r

n

r

=1 w↵[nr

]
, (52)

n̂� =

P
M�

n�=1 w

�
↵[n�]n�

P
M�

n�=1 w↵[n�]
, where (53)

w

r

↵[nr

] ⌘
M�X

n�=1

ā

2
↵[nr

, n�, 0], (54)

w

�
↵[n�] ⌘

M

rX

n

r

=1

ā

2
↵[nr

, n�, 0], (55)

where M

r

and M� are natural numbers determined iteratively so
that

|M
r

� 2n̂

r

| < 1, (56)
|M� � 2n̂�| < 1. (57)

From our auxiliary tests we found that for this particular choice of
M

r

and M�, the error of Estimatrors (52) and (53)
Text text

4.2.3 Box size

Following Obergaulinger et al. (2009), we performed simulations
5, 6, 7, and 9 in a box of the default size, i.e. L

r

⇥ L� ⇥ L

z

= 1 km⇥
4 km⇥1 km. We did not limit our studies to only one computational
domain, however. To reduce the computational cost of simulations
X-Y-Z, we performed them in a considerably smaller box of the
size L

r

⇥L�⇥L

z

= 1 km⇥1 km⇥0.333 km, whereas in simulations A
and B-C, we investigated the influence of the azimulatl box length
L� on the MRI termination process.

In simulatoins done in the default box, we chose the magnetic
field strength, so that fastest-growing MRI modes (of the lenght
�MRI = 0.333 km) fit in the vertical size of the computational do-
main.

To decrease the computational cost, we could simply reduce
the vertical box size to exactly one third, so that only one fastest-
growing MRI mode fits into the computational domain i.e. L

z

=

�MRI = 0.333 km.
This should not a↵ect the MRI itself, but severly limits type of

prasitc modes that can grow in the computational domain.
we should not forget about parasitic instabiliteiss however.
Hence, a reduction of the vertical box size to exactly one third,

i.e. L

z

= �MRI = 0.333 km, should not a↵ect the development of the
fastest-growin MRI modes (with the obvious di↵erence that only
one would be present), we should not forget abut prasaticit insta-
bilites in our considerstiona, however.

Hence, reducing the vertical box size to exactly one third, i.e.

c� 2015 RAS, MNRAS 000, 1–18

magnetic field amplification

0 5 10 15 20
time [ms]

10ï8

10ï6

10ï4

10ï2

100

102

|b
rb

q|/
|b

zb
z|

AMPLIFICATION FACTOR ~ 20

4 ms 10.9 ms 11.1 ms

11.2 ms 11.2 ms 12 ms

B-field saturation in PNS

Rembiasz et al. (2015; arXiv:1508.04799)

Bp,max ~ 1015 G

Bz0 = 4.6 x 1013 G

For CCSNe, the 
parasitic instabilities are 
KH modes feeding off 
MRI channels, rather 
than tearing (resistive) 
modes.
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t1
t2

t3

detector screen
(observer)

motion (v~c)
towards observer

Numerical set up
1. Stellar Model: 35OC   (Woosley & Heger 

2006).  R* = 5.2x1010 cm 
2. RMHD code (MP5, CT, Self-gravity): finite-

volume, Eulerian formulation. 
3. EoS Table:  

• ρ>10-4 gr/cm3: Helmholtz EoS (leptonic 
table + baryons)  

• ρ<10-4 gr/cm3: baryons + Boltzmann e- 
gas +radiation. 

4. Injection nozzle @ R0 = 109 cm. 
5. Domain: [R0, 6x1011 cm] x [0º,90º] with 

standard resolution 2560 x 360. 
6. Progenitor magnetic field (if any): dipole 

with a generating current at 2x108 cm

Re=6x1011 cm

R0

R✷=5.2x1010 cm

• Goal: Compute the radiative 
signature of collapsar jets. 

• Two steps: 
1. RMHD models (this talk). 
2. Postprocessing and obtaining 

radiative signature (SPEV code; 
Mimica et al. 2009a,b, Cuesta-
Martínez et al. 2015a,b) 
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Models

Model B B σ L ρ Γ ε Ω
B0 0 0 0 6.65 0.1 5 80 0
Bp 0 2 0,18 6.66 0.1 5 80 0
Br 10 0 111 13.7 0.1 5 80 0

Brp 10 1 111 13.7 0.1 5 80 0
ML-4 10 1 107 6.65 0.1 5.03 80 20
ML-5 11 2 27 27.0 0.4 10.07 20 20

 Reference jet parameters (nozzle): 
• θ = 10º          θΓ = 0.87 < 1 (causally connected) 
• Γ = 5              (Γ∞ ~ 500) 
• ε = 80 c2 
• ρ = 0.1 gr/cm3 

• p = 2.23 x 1022 erg/cm3
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Jet dynamics

L ~ 1 for most of the propagation 
inside the progenitor:&!

• Bromberg+11 analytic estimates 
(unmagnetized model) are difficult to 
apply. Particularly when the density 
decays faster close to the surface.&

• The jet is collimated before breakout, 
and uncollimated after breakout (in 
agreement with Bromberg+11).

UNCOLLIMATED REGIME 

L >> θ0-4/3

2 4 6 8 10 12
T [sec]

0.01

0.10

1.00

10.00

100.00

L

θ0-4/3

COLLIMATED REGIME 

L < θ0-4/3

RELATIVISTIC 
PROPAGATION 

1 << L < θ0-4/3

NEWTONIAN 
PROPAGATION 

L << 1

L̃ ⌘
⇢jhj�2

j

⇢a
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Jet dynamics

2 4 6 8 10 12
T [sec]

109

1010

1011

R
 [c

m
]

-8 -4 0 4
log(l) [gr cm-3]

109

1010

1011

l = l0 (r0 / r)-2.7

l = l0 (r0 / r)-17

Bromberg+11

B0
Br
Bp12
Brj11
ML-4
ML-5

There is not a clear trend 
for the propagation speed:&

• Faster: model with the largest initial 
Lorentz factor and jet density 
(model ML-5;  Γ0=10)&

• Slower: magnetized models with 
smaller Bφ  (v~0.33c)&

• Unmagnetized model: v~0.38c&!
Bromberg et al. (2011) estimate 
(unmagnetized model): &

• Predicts a crossing time of 
the star of ~5.5 sec, speed  
40% larger than the crossing 
time of model B0 (~9 sec).&

• Actually, it is shorter 
crossing time than any other 
of our models (including 
magnetic models).&

R✷=5.2x105 km
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B=0 Bφ = 2x1010 G&
Bext = 0&
σ = 0.18

Jet  
dynamics

Bφ = 1010 G&

Br = 1011 G&

σ = 111

Bφ = 0&
Br = 1011 G&

σ = 111
TOKIO_150901.key - 1 de septiembre de 2015



Jet variability
1. The power density spectrum (PDS) 

amplitude decreases with distance 
regardless of the magnetization. 

• The log-stretching of the r-grid is not 
enough to account for the decrease 
(tested at higher/lower resolution).
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2. In magnetized models the 
PDS decrease with distance 
is smaller.  

• The most magnetized 
model with mixed poloidal
+toroidal field is the one 
less affected by the stellar 
density gradient.  

3. Models with purely toroidal 
and strong fields show 
smaller power at high 
frequencies (>5 Hz). 

Jet variability
Bφ = 0&
Br = 1011&

σ = 111
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Jet variability
4. The PDS damping occurs chiefly close 

to the stellar surface, where the 
steepest density gradient is found. 

5. Provisional: The acceleration post-
break out might damp the high-
frequency PDS. 

• Note: We consider in the 
spectrograms ALL matter 
regardless its Γ∞.
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Jet variability
6. Restricting the analysis to matter with 

Γ∞>100, magnetized models display 
smaller PDS at large radii (>2x1011 cm) 
than the non-magnetized one. 

• The peak of the PDSxf5/3 happens at 
f~20Hz for the unmagnetized model, 
while the PDS∝ f-5/3 in the Brp case. 

7. Including in the PDS longer sampling 
times (ΔT=6 s), obviously raises the low 
frequency strength, and a minor 
increase of the power at high 
frequencies.
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Jet variability
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Fig. 1.—The averaged PDS for 214 peak-normalized bursts with duration
s. The solid horizontal line shows the averaged Poisson level.T 1 2090

Fig. 2.—Top panel: same as Fig. 1, but now the average PDS is smoothed
on a scale of and multiplied by f5/3 (solid curve). The dottedD log f 5 0.03
curve shows the spectrum after the subtraction of the Poisson level. The error
bars show the typical uncertainties in . Bottom panel: the average PDS forP̄f
the 27 brightest bursts in the sample.

Fig. 3.—The solid histogram displays the distribution of 214 peak-Pf
normalized GRBs. We divided the interval 2 into 30¯2.4 ! log (P /P ) ! 1.2f f

equal bins [ ] and determined how many bursts have within a¯
D log (P /P ) Pf f f

given bin. The histogram was constructed at each frequency and then summed
up over all frequencies in the range Hz. The solid curve shows0.03 ! f ! 1
the exponential distribution, / Pf exp (2Pf / ). The dotted his-¯dN/d log P Pf f

togram displays the distribution found when normalizing the light curvesPf
by fluence. The integrals of all distributions are normalized to unity.

tuations. For peak normalization, the fluctuations in are min-P̄f

imal, and the best accuracy of the 25/3 slope is achieved. In
this case, the amplitude of statistical fluctuations is consistent
with the relation , where N is the number of21/2¯ ¯

DP /P ª Nf f

bursts in the sample.

3. PDS DISTRIBUTION

Power spectra of each individual burst are very diverse, and
they show strong deviations from the average power law. The
deviations, however, follow a simple statistical behavior. We
constructed the corresponding histogram at each frequency and
found that individual are distributed around according to¯P Pf f

the law . The histogram is not accurate¯dN/dP 5 N exp (2P /P )f f f

since the number of bursts ( ) is modest, but the sta-N 5 214
tistics increases when we sum up the histograms at adjacent
frequencies. After this summation, the distribution remainsPf
narrow and is described by the exponential law as seen in Figure
3. Note that we get this distribution only for peak-normalized
bursts. For comparison, we also plot an analogous histogram
for bursts normalized by fluence.
The PDS of each individual burst can be decomposed into

the power law with and superimposed exponentiallya 5 25/3
distributed fluctuations. The exponential distribution, also de-
noted the two-dimensional distribution, just indicates that2

x

the two (sin and cos) components of the Fourier transform are
normally distributed around the average value (van der Klis
1989). Similar fluctuations are present in the PDS of the well-
known standard noises, such as Poisson noise (PDS slope of

), flicker noise ( ), and Brownian motion (a 5 0 a 5 21 a 5
). Note the difference of the GRB variability from the stan-22

dard noises. In the case of a noise, the exponentially distributed
fluctuations are suppressed when the PDS is smoothed by av-
eraging over adjacent frequencies. By contrast, the smoothedPf
power spectra of GRBs continue to show the exponential fluc-
tuations around , independently of the smoothing scale. ThisP̄f

behavior makes it difficult to recognize the power law in an

Beloborodov et al. (1998)

Average PDS of 27 bright BATSE bursts

8. In the model with purely poloidal 
field, we have considered a longer 
sampling interval (ΔT=11 s). We 
observe that the PDS at 2x1011 
cm tends to match the PDS close 
to the nozzle (R=109 cm). 

9. Provisional: The PDS obtained 
after the jet breaks out of the 
surface of the star (R✷=5.2x1010 
cm), does not match that of the 
sample of bright BATSE bursts at 
high frequencies (Beloborodov et 
al. 1998, 2000). 

• We do not expect a one-to-
one matching, because the 
GRB variability may result 
from a complicated interplay 
between the variability 
properties of the flow + 
emission model.

Γ∞ >100&
ΔT= 11 sec
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Fig. 11.— Average power density spectrum of the light-power curves from the extended

uniform simulation computed at a distance of 2.5× 1012 cm from the center of the star. The

thick line shows the power spectrum obtained by averaging 10 light-power curves for viewing

angles θo = 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10◦ off-axis. The spectrum is multiplied by f 5/3 to

reproduce Figure 2 of Beloborodov et al. (1998), whose data are shown as a thin line. The

dashed lines show PDS(f) ∝ f−5/3 and PDS(f) ∝ f−2 spectra for comparison.

• See, however, Morsony, 
Lazzati & Begelman (2010)
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• We are exploring the properties of relativistic magnetized jets 
propagating in collapsars, and (obviously) found that the magnetic field 
strength and topology can be key to shape both the dynamics of 
relativistic outflows and their observational signature. 

• The jet / star interaction produces a highly variable jet, and the variability 
PDS depends, in a non-trivial way, on the progenitor structure, as well 
as on the magnetic field.  

• Regardless of the magnetization, there is a decrease of the PDS at high 
frequencies that we (tentatively) relate to the stellar density gradient. 

• The initial (<5 sec) jet variability may be used as a probe of the 
structure of the final edge of the star assuming that the LC of a GRB 
is produced by photospheric emission.  

• Provisional: differences in variability at low (<~ 5 Hz)  and high (<~ 5 Hz) 
frequencies can be used as proxy for magnetization.

Summary and conclusions
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