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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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Numerical set up
• Goal: Compute the radiative 

signature of collapsar jets.
• Two steps:

1. RMHD models (this talk).
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Numerical set up
• 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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Numerical set up
1. Stellar Model: 35OC   (Woosley & Heger 

2006).  R* = 1.56x1011 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✷=1.56x1011 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
B0 0 0 0 6.65
Bp 0 2x10 0,18 6.66
Br 10 0 111 13.7

Brp 10 10 111 13.7
 Common 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
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There is not a clear trend 
for the propagation speed:"

• Faster: model with dominant Bφ     
(v~0.43c)"

• Slower: model without Bφ  
(v~0.33c)"

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

• Falls short by 25% close to 
the stellar surface (β ~ 0.3c)."

• Too large close to the jet 
nozzle."

R✷=1.56x106 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
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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.  

• Models with toroidal field, 
show the smaller variability 
decrease with distance. 

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

• signature of self-
collimation. 

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

Jet variability
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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 low frequencies than non-
magnetized ones. 

• Need to redo analysis for finer time 
sampling (currently: Δt=0.025 s) to 
confirm the trend. 

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

Bφ = 0"
Br = 1011"

σ = 111

L26 BELOBORODOV, STERN, & SVENSSON Vol. 508

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=12 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✷=1.56x1011 
cm), does not match that of the 
sample of bright BATSE bursts 
(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.
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Jet variability
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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
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the 27 brightest bursts in the sample.
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by fluence. The integrals of all distributions are normalized to unity.
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9. Provisional: The PDS obtained 
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cm), does not match that of the 
sample of bright BATSE bursts 
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• We do not expect a one-to-
one matching, because the 
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between the variability 
properties of the flow + 
emission model.
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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 its 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: variability at low frequencies (<~ 5 Hz) can be used as 
proxy for magnetization.

Summary and conclusions
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