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Abstract

Gamma-ray bursts (GRBs) are the most luminous events in the Universe and are excellent laboratories to study
extreme physical phenomena in the cosmos. Despite a long trajectory of progress in understanding these highly
energetic events, there are still many observed features that are yet to be fully explained. Observations of the jet
opening angle of long gamma-ray bursts (LGRBs) suggest that LGRB jets are narrower for those GRBs at higher
redshift. This phenomenon has been explained in the context of collimation by the stellar envelope, with denser
(lower metallicity) stars at higher redshifts able to collimate the jet more effectively. However, until now, the
dependence of the jet opening angle on the properties of the central engine has not been explored. We investigate
the effect of black hole spin on the jet collimation angle for a magnetically launched jet, using the general
relativistic radiation magnetohydrodynamical code vbhlight. We present 3D results for a range of spin values.
The simulations show that higher-spinning black holes tend to create narrower jets. If indeed LGRB progenitors in
the early Universe are able to produce black hole central engines with higher spin, this could account for at least
some of the observed jet opening angle-redshift correlation.

Unified Astronomy Thesaurus concepts: Gamma-ray bursts (629); Black holes (162); Black hole physics (159)
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1. Introduction

Gamma-ray bursts (GRBs) are the most powerful events in
the Universe, releasing energies in the order of 10°?erg in a
typical event (for reviews see, e.g., Piran 2004; Zhang &
Mészaros 2004; Mészaros 2006; Gehrels et al. 2009;
D’Avanzo 2015; Levan et al. 2016). They are bursts of gamma
rays that can last from less than a second to several thousands
of seconds depending on the progenitor. For GRBs lasting 2 s
or less, they are thought to come from the merger of two
neutron stars; see, e.g., Lee & Ramirez-Ruiz (2007), Berger
(2014). If the gamma-ray emission lasts from a few seconds up
to hundreds of seconds, they are thought to come from a
hydrogen-deﬁcient star that collapses into a black hole
(BH),” often termed a collapsar (Woosley & Bloom 2006;
Woosley & Heger 2012). Our motivation for this work comes
from observational results of the latter, so-called long gamma-
ray bursts (LGRBs). However, our results apply to any GRB
BH-accretion-disk central engine.

An LGRB begins with a star whose core collapses into a BH.
This, along with the remaining gas available from the collapse
of the star that is gravitationally bound to the newly formed BH
and able to form an accretion disk, are necessary elements to
give rise to the LGRB central engine. (MacFadyen et al. 2001;
Woosley & Heger 2006). As general relativistic frame-
dragging causes more rapid rotation near the BH, magnetic
fields present in the disk will be wound up along the spin axis

S There also exist viable GRB models with a magnetar central engine
(Duncan & Thompson 1992; Usov 1992; Thompson 1994; Zhang &
Meészaros 2001), but here we consider only a BH central engine.
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BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

of the BH. As a result, a powerful Poynting flux is generated
along this axis and a highly relativistic jet is launched through
the so-called Blandford—Zjanek (BZ mechanism; Blandford &
Znajek 1977; MacDonald & Thorne 1982). This is an efficient
way to form and power a jet, assuming there exists enough
angular momentum and magnetic flux in the system. The BZ
mechanism does not depend on the mass accretion rate (at least
not until the disk reaches a magnetically arrested disk (MAD)
state), but instead, again, on the rotation of the BH and the
presence of magnetic flux. For an additional detailed discussion
of BZ jets in the context of GRBs, see Lee et al. (2000), Lee &
Ramirez-Ruiz (2002), Tchekhovskoy & McKinney (2012), Lei
et al. (2017), and Lloyd-Ronning et al. (2019b).

GRBs still pose many mysteries—from the nature of their
progenitors to the details of the particle acceleration and
radiation mechanisms in their relativistic jets—and multiple
studies continue to uncover novel behaviors in these energetic
events. In one such example, Lloyd-Ronning et al. (2019a)
found a statistically significant anticorrelation between jet
opening angle and redshift (with narrower jets at higher
redshifts) in a large sample of LGRBs (we note the presence of
this potential correlation first emerged in the analysis of Frail
et al. (2001), and has also been suggested, although not to the
same statistical significance, in Lloyd-Ronning et al. (2002),
Yonetoku et al. (2005), Lii et al. (2012), Laskar et al. (2014),
Laskar et al. (2018)). Conservatively accounting for the
presence of any potential selection effects or observational
biases that may produce the correlation (using the well-tested
and vetted nonparametric Lynden-Bell (Lynden-Bell 1971) and
Efron-Petrosian (Efron & Petrosian 1992) methods), they found
that jet beaming angle goes to 6; o< (1 + z) 073%025,

In a following study, Lloyd-Ronning et al. (2020) provided
potential reasons as to why we may see a difference in jet
beaming angle over cosmic redshift. They specifically looked
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into how some of the properties of the progenitor star might
affect the jet opening angle. While looking at the luminosity
requirements to launch a successful jet, Lloyd-Ronning et al.
(2020) found that the anticorrelation between jet opening angle
and redshift can be explained by an evolution of the progenitor
envelope over cosmic time. At higher redshifts and lower
metallicity, denser progenitors can more effectively collimate
the jet as it traverses the stellar envelope and cocoon region.
This is quantitatively consistent with evolving initial mass
function models reported in the literature (e.g., Davé 2008).

However, the role of the central engine in producing this
correlation has yet to be explored. In particular, the BH-
accretion disk dynamics are not yet well understood in relation
to the jet geometry. There have been many works, beginning
with McKinney & Gammie (2004), exploring the relationship
between jet power (with an eye to active galactic nucleus
luminosity) and BH and disk conditions (Tchekhovskoy &
McKinney 2012; Tchekhovskoy et al. 2012). However, less
attention has been paid to the opening angle. How this property
depends on redshift is an additional aspect necessary to
understanding the opening angle redshift anticorrelation, and
LGRBs in general. For instance, a progenitor at a higher
redshift may potentially lose less angular momentum over the
lifetime of the star, due to its lower metallicity compared to
progenitors at lower redshifts (assuming angular momentum
loss comes from radiation-driven stellar winds, which are
stronger at higher metallicity). This could eventually lead to a
remnant with higher angular momentum as well. Therefore, a
progenitor that collapses at a higher redshift with higher
angular momentum (compared to one at a lower redshift) may
produce a more highly spinning BH with a narrower jet.

We study this possibility using a general relativistic radiation
magnetohydrodynamical (GRRMHD) code, vbhlight. With
vbhlight, we simulate a BH with an accretion disk and a jet
in 3D and let it evolve in time. Our goal is to consider the
degree of collimation of a BZ jet (Blandford & Znajek 1977;
MacDonald & Thorne 1982) as a function of the spin of the
BH. Recently Narayan et al. (2022) performed a detailed
examination of jet power and geometry for magnetically
arrested disks; this differs from our work here—we study
nonarrested (SANE) disks.

This Letter is organized as follows: In Section 2, we describe
the GRRMHD code vbhlight and the setup we used in our
simulations. In Section 3, we present the results of our 3D
simulations for different spin values of the BH. We show that,
by using various ways to quantify the jet opening angle, more
highly spinning BHs tend to produce narrower jets. In
Section 4, we summarize our findings and discuss both the
caveats and the implications of our results in the context of our
current understanding of LGRBs.

2. Numerical Tools

For our simulations, we use vbh1ight (read as “nublight”).
vbhlightis a GRRMHD code, built on top of the
bhlight (Ryan et al. 2015), grmonty (Dolence et al.
2009), and HARM (Gammie et al. 2003) codes. In this work,
we disable the radiation transport and solve only the equations
of general relativistic ideal magnetohydrodynamics (GRMHD).
These include conservation of Baryon number:

o(J=gpu) + 0(J=gpu) = 0, ey
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conservation of energy and momentum,

=g (T, + pu'si) 1 + Oly=g (T} + p,u's),) ]
=/—g T{T), ¥V v=0,1..3, (2)

and conservation of magnetic flux,
0, (J=g B') — 9;[J—g b/u' —b'u)]=0, 3)
given the energy-momentum tensor defined as

T/ =(p,+ P+ b)) uu, + 0L (P +1/2b%) — bl'b,,
@)

for metric g,,, rest energy p, fluid four velocity u”, internal
energy density u, pressure P, and Christoffel symbol I'j,. In
the equations above, we also make use of the magnetic
field components B'=*F" of the Maxwell tensor “F,, =
b"u” — b"v*, and the magnetic field four-vector b*. Here and
throughout the text we use units of G=c=1 and standard
Einstein index notation, where Greek indices range from 0 to 3
for spacetime indices and Roman indices range from 1 to 3 for
spatial indexes only. We also subtract off Equation (1) from the
zeroth component of Equation (2) to remove the rest energy
from the energy conservation law.

The fluid Equations (2) and (4) must be closed by an
equation of state. In this work, we use the standard ideal gas
equation of state

P=T - Du 5)

with I' =5/3 corresponding to an ionized gas. All simulations
performed assume a stationary Kerr BH background
(Kerr 1963). The vbhlight GRMHD treatment includes the
industry standard treatments for codes of the HARM family,
including the radially logarithmic quasi-spherical grid in
horizon penetrating coordinates, as first described in McKinney
& Gammie (2004), the WENO reconstruction first described in
Tchekhovskoy et al. (2007), the primitive variable recovery
scheme described in Mignone & McKinney (2007), and the
drift-frame artificial atmosphere treatment described in Ressler
et al. (2015). There is a long history of GRMHD simulations in
the community. For a recent discussion of issues and methods,
see Porth et al. (2019).

We run six identical simulations where the only difference
between them lies in the BH spin agy values used agy = 0.4,
0.5, 0.7, 0.85, 0.95, and 0.99 (the maximum corresponds to
agy = 1). We begin each simulation with a torus in hydrostatic
equilibrium (Fishbone & Moncrief 1976) with an inner radius of
ri, = 6GMgpy/ ¢? and a radius of maximum pressure of Iy p =
12GMBH / C2.

Because the ideal gas equation of state has no fundamental
energy scale, the disk-accretion problem becomes scale-free,
and our problem setup is valid for a large range of BH masses
and for accretion rates roughly corresponding to a maximum
rate of a ~1 in dimensionless units (one Mgy /(GMgp/c?)). We
thread our initial torus with a single poloidal magnetic field
loop such that the ratio of gas to magnetic pressure

Pgas

=

(6)
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is 100 at the radius of maximum pressure. Where here

BZ
Pg > (N
We choose this [ so that the initial value is sufficiently
weak that the magnetic pressure does not contribute to the
support of the equilibrium torus. This weak value also allows
the magnetic field to grow self-consistently from turbulence
and minimize artifacts of the initial data. We use a resolution of
Ny X Ny x Ny=256 x 192 x 128.

Molecular viscosity in the disk is negligible. As the disk
evolves, the magnetorotational instability (MRI) (Velikhov
1959; Balbus & Hawley 1991) enhances the magnetic field
strength and drives turbulences, which in turn provides
turbulent viscosity, enabling angular momentum transport and
accretion (Shakura & Sunyaev 1973). This same magnetic field
drives a jet through the BZ mechanism (Blandford &
Znajek 1977). We run our simulations for a duration of
t= 104GMBH / A, long enough for the accretion flow to achieve
a quasi-stationary flow.

For this flow structure to be trustworthy, the fastest-growing
mode of the MRI must be captured. We use the MRI quality
factor defined in Miller et al. (2019) and find a similar structure
to the quality factor reported there, with Q% decaying over
time. In these models, we use the equation of state of an ideal
gas. Miller et al. (2019) use a nuclear equation of state, which
has a high enthalpy, making the wavelength of the MRI shorter.
This increases the quality factor so that QDEfQI > 10 for all times.
The community has performed a battery of convergence tests
over the years (Sano et al. 2004; Shiokawa et al. 2012),
culminating in a large code-comparison effort for the Event
Horizon collaboration (Porth et al. 2019), and the industry
standard for a “resolved” simulation is a Q% > 10. It is
known that the effective resolution in HARM (Gammie et al.
2003) codes is enhanced by the focusing of the curvilinear grid.
Moreover, a WENO Tchekhovskoy et al. (2007) reconstruction
(which we apply) adds an additional factor of approximately 5
in effective resolution, thanks to reduced numerical viscosity.

3. Results

Figure 1 shows the density profiles of the BH—accretion disk
jet system for three different 3D simulation runs. On the top
panel is the simulation corresponding to a BH of spin 0.5, the
middle to a BH of spin 0.7, and on the bottom a BH of spin
0.99. The left column shows poloidal slices, while the right
shows equatorial. We see significant magnetically dominated
outflows at the poles which we discern as the jet (defined in
more detail below).

While the jet structure is more challenging to discern on
plots of density, the accretion disk on both of these simulations
appears to differ. For the BH with 0.99 spin (bottom of
Figure 1), the accretion disk appears to be much larger in size
(about twice the size) than the simulation with 0.5 spin, for
instance. The structure of the accretion disk can highly affect
the jet opening angle, as previously mentioned. A larger,
puffier accretion disk may provide further collimation of the jet
since the jet will have to spend more time traveling through the
accretion disk material. This could lead to a narrower jet
opening angle. We note that, importantly, the initial conditions
of the disk depend on the BH spin (Fishbone & Moncrief 1976).
For example, for a Keplerian velocity profile in the disk, higher

U. Hurtado, Lloyd-Ronning, & Miller

oo -]
Qo [}
= =
N =
A S
p= =
N BN
100
50
T T
@ M
= 0 =
N BN
-50
-100

—100 0 100 -100 0 100
X/Mgu X/Mgy

Figure 1. 3D simulations showing a plot of density for three simulation runs,
all at time 5500 Mgy out of 10,000 Mgy. On the top is the simulation
corresponding to a BH of spin 0.5, in the middle is a BH of spin 0.7, and on the
bottom a BH of spin 0.99. All simulations show a frontal view of the black
hole—accretion disk jet (bhadj) system. The blue and purple hues correspond to
the least dense material (jet) in the system, while green and yellow hues to the
densest (accretion disk).

initial BH spins will force a slightly thicker accretion disk
in the Fishbone—Moncreif setup we employ (see, e.g., their
Figure 2). We discuss this further in Section 4.

To obtain a better view of the jet structure, we calculated 3
for all simulations in Figure 2, where 3 > 1 indicates material
dominated by gas pressure (shown in yellow/orange colors
representing the gas in the accretion disk) and § < 1 indicates
material dominated by magnetic field energy (shown in pink/
purple hues representing the jet). Thus, the accretion disk
would be the area dominated by gas pressure, and the jet would
be the material dominated by magnetic field pressure. The top
of Figure 2 shows the BH of 0.5 spin, the middle a BH of spin
fraction of 0.7, and the bottom panel shows the BH of spin
0.99. From first glance, one can see that the jet for the BH of
spin 0.99 seems to be much narrower than for the BH of spin
0.5. Qualitatively, the higher-spin run shows a more collimated
jet than the lower-spin runs.

We also examine the magnetization parameter sigma

o = B*/(2pc?), (®)

which is the ratio of the magnetic energy density to rest mass
energy density. We make this choice for a number of reasons:
not only does ¢ provide a good estimate of where magnetic
energy dominates in our (magnetically launched) outflows, but
it is better defined in the jet region than (3. The quantity (§
requires a temperature estimate of the gas, but the outflow is
expected to be collisionless in the region around the spin axis
of the BH and consequently, temperature is not well defined.
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Figure 2. 3D simulations of the BH—accretion disk jet system, all at times 5500
Mgy out of 10,000 Mgy. On the top is a BH with spin 0.5 (lower spin fraction),
in the middle is a BH of spin 0.7, and on the bottom is a BH of spin 0.99
(highest spin fraction). 3> 1 indicates material dominated by gas pressure
(accretion disk in yellow/orange) and 8 < 1 indicated material dominated by
magnetic field energy (jet, pink/purple).

Therefore, we suggest o is a better measure and representation
of the jet structure and edge. We plot isocontours of o =1 in a
poloidal slice for our runs at four different times in Figure 3, at
t = 2500 Mgy, 4000 Mgy, 5000 Mgy, and 6000 Mgy. Each plot
is a snapshot in time of o for all three of the BH spins, plus an
additional two runs of BH spin agy = 0.4 and 0.85. The navy
curve corresponds to a BH spin of 0.4, the light blue curve to
the BH of spin 0.5, the yellow curve corresponds to the BH of
spin 0.7, the brown curve to a spin of 0.85, and the purple line

U. Hurtado, Lloyd-Ronning, & Miller

to the BH of spin 0.99. The snapshots correspond to sequential
times in the simulation. In other words, the top-right plot is at
an earlier time in the simulation, the top-left at a slightly later
time, and so on. As with Figure 2, more highly spinning BHs
have more collimated jets.

To fully quantify this trend, we calculate the average disk
angle 6 weighted by o,

72 j;z‘/—g 0% o dx' dx* dx?
) = , )]
fQ,/—g o dx' dx? dx3

where ./—g is the square root of the determinant of the metric,
0 is the angle measured from the equator of the simulation, and
dxl, dx2, and dx’ the measure. This integral is performed over
the whole simulation domain. This acts as a proxy for jet
opening angle: a larger , means a narrower jet beaming angle.
The result of this calculation is shown in Table 1. In this table,
we have also included additional simulation runs of agy = 0.4,
0.85, and 0.95 for completeness. While the difference between
jets may seem small, it follows the general trend that has been
seen throughout all 3D simulations alike: there is a difference
in jet collimation as a function of spin. More specifically, there
seems to be a trend where more highly spinning BHs lead to
narrower jet opening angles.

4. Discussion and Conclusions

Using the GRRMHD code vbhlight we have investigated
the dependence of the jet opening angle on the BH spin. We
find that, on average, more rapidly spinning BHs lead to
narrower jets. We can see this by eye from the snapshots of our
3D numerical solutions (Figures 1 and 2), where the effect
appears fairly pronounced. It is also borne out by our more
detailed analysis of the contours of both plasma [ and o
(Figure 3 and Table 1), although in the latter case of the
o-weighted average angle, the change in angle with spin is less
pronounced and appears to saturate at high values of the spin.
We see this pattern track across simulations and spins. We
emphasize again the scale-free nature of our simulations; as
such, these results should apply to a wide range of BH—disk
systems including those relevant to short GRBs and even
supermassive BH—disk systems.

As noted in Section 3, it is important to consider that our
initial disk setup based on Fishbone & Moncrief (1976)
depends on BH spin in a nuanced way, with slightly thicker
initial disks for more highly spinning BHs. This may contribute
to the “narrowness” of the jet at later times in our simulation.
Indeed other studies have shown how the initial conditions may
influence the jet over the simulation time, including how the
torus size (which is spin-dependent) can influence the jet
opening angle (Liska et al. 2018; Christie et al. 2019; Rohoza
et al. 2024). That said, the setup—a torus in hydrostatic
equilibrium—is a solution to the relativistic Euler equations
and therefore provides a physical framework for this result in
some sense. That is, an initially thicker disk may lead to a
narrower jet, but this is physically motivated and a reflection of
the balance between magnetic, gravitational, and gas pressures
(not only initially but as the system evolves). Additionally,
consider that a more rapidly rotating BH will have a horizon
radius (and innermost stable circular orbit) that is closer to the
BH. This allows the magnetic flux to be brought into a
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Figure 3. Plots of 3D simulation sigma (o) analysis at different times of the simulation. Each plot is a snapshot in time of ¢ for the case of five different BH spins. The
navy curve corresponds to the BH of spin 0.4, the teal to a BH of spin 0.5, the yellow curve to the BH of spin 0.7, the brown to a BH of spin 0.85, and the purple line
to the BH of spin 0.99. The top-left plot is at the earliest time, and the bottom-right is at a later time in the simulation. This plot indicates the trend that a more highly

spinning BH leads to a narrower jet opening angle and vice versa.

Table 1

Table of the Average Sigma Weighted Angle (d,) Values as a Function of Spin
agy 0, (deg)

0.4 73.4+0.1
0.5 72.8 £0.2
0.7 749 £0.3
0.85 76.5£0.7
0.95 76.6 £ 0.6
0.99 759 +0.4

Note. The angle 6 is measured from the equator to the “edge” of the jet.
Therefore, a greater value of 8, signifies a narrower jet opening angle. The
averages and their standard deviations have been computed across 10 different
times in the simulation ranging from 4000 Mgy to 6000 Mpy. The values
indicate, on average, a wider jet opening angle for more slowly spinning BHs,
and a narrower jet opening angle for the more rapidly spinning BHs,
corroborating what is seen by eye in Figure 3.

narrower region near the BH (i.e., a smaller polar angle) and
may also contribute to the qualitative physical explanation for
more rapidly spinning BHs producing narrower jets.
Nonetheless, these results are broadly consistent with the
analysis for magnetically arrested disks in Narayan et al.
(2022), which help further connect the GRB central engine and
jet properties, and may help us better understand the underlying

progenitor(s) of GRBs. Ultimately, the collimation will depend
on the equilibrium between the external thermal pressure and
the magnetic pressure of the Poynting flux of the jet as shown
in Pais et al. (2023; see also Komissarov et al. 2009;
Lyubarsky 2009).

Another confounding factor is the uncertainty in the initial
magnetic field strength. Our simulations are constructed so that
the magnetic pressure at initial times is not a significant
contributor to the pressure support of the disk. As the disk
evolves, the MRI drives growth in the field strength until it is
roughly in equipartition. A stronger initial magnetic field will
both contribute to the initial disk pressure and shrink the
amount of time required for the MRI to “spin up” and drive
accretion (for a more detailed analysis of the impact of
magnetic field strength, see Lund et al. 2024). Note also that
the magnetic field topology also plays a role. More complex
field loop structures are required to construct a MAD state and
the MRI for a toroidal field loop is much slower than for
poloidal.

The original motivation for this study was an attempt to
understand the observation that GRB jet opening angles are
narrower at higher redshifts. If the observed jet opening angle
was correlated with (or determined by) the size of the initial jet
opening angle, the result would suggest, then, that GRB central
engines are more rapidly rotating in the early Universe relative
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to low-redshift GRBs. This is consistent with our current view
of stellar evolution: massive stars in the early Universe are
expected to have lower metallicity and therefore less radiation-
driven winds. As a result, they experience less angular
momentum loss, which may lead to a more rapidly rotating
central engine upon collapse, and therefore a more collimated
jet. This explanation, of course, ignores the many intricacies of
angular momentum transport/loss as the star collapses; it is still
unclear to what extent we can connect the angular momentum
of the progenitor at the end of its life with that of the BH—disk
system.

This argument, however, does not account for the collimation
by the stellar envelope and cocoon, which occurs at a distance
much farther from the central engine than our work considers
here. For example, Bromberg et al. (2011), Bromberg et al.
(2014), and Globus & Levinson (2016) derive collimation
conditions from the jet, cocoon, and stellar envelope equilibrium
pressures, and Lloyd-Ronning et al. (2020) showed, using these
previous works, that this can explain the jet opening angle redshift
correlation seen in the data, under certain conditions (i.e., an
evolving initial mass function). In other words, for jets that
interact with a dense envelope (as expected in the case of a
massive star collapse, but not necessarily in a neutron star
merger), the observed jet opening angle is more likely a reflection
of the interaction with this envelope rather than the initial jet
opening angle set by the central engine. Nonetheless, these results
provide a promising avenue to further explore the imprint of the
central engine on the jet physics.
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