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Introduction
●

●

●

●

Relativistic jets are common in
black hole (BH) systems
Jets are observed for different
mass scale of BH
from stellar mass BH (~10 M☉,
eg. in BH X-ray binaries and
gamma ray bursts, GRBs)
to supermassive BH (105 -1010
M☉, in active galaxy nuclei,
AGNs)

Relativistic jets
●

●

●

Blazars are a type of AGNs
characterized by a non-thermal
radiation produced in a
relativistic jet pointing towards
our line of sight
GRBs are among the most
energetic events in the universe
releasing a total energy of 1052 1054 erg.
Such extreme events are
believed to take place in an ultrarelativistic jet pointing towards
the Earth.
Credit: Marscher et al., Wolfgang Steffen, Cosmovision, NRAO/AUI/NSF

Blazars and GRBs
●

●

●

Launching and collimation
mechanisms are common: thick disk
or corona, pressure gradient in
surrounding wall, external (matter
dominated) jet, or toroidal magnetic
field.
Acceleration of jets occurs due to
both magnetic field action and
accretion disk rotation
The blazar jets are Poyntingdominated, and powered by the
Blandford-Znajek mechanism which
can extract energy from a rotating
black hole.

Relativistic jet launching from a black hole-accretion disk system,
formed as a result of a BH-NS interaction, through the BlandfordZnajek mechanism. Magnetic field lines (blue) are anchored in the
accretion disk (yellow) and penetrate the black hole's ergosphere.
Spinning BH twists open field lines, leading to a jet.
Credit: V. Takhistov, 2018

Observed variability in jets
●

Observations show variability in jet emission

The light curve in the 20–200 keV band of GRB 080916C. The thin (blue)
curves are the light curves binned in 0.032 s and the thick (red) curves
are those binned in 0.5 s. The y-axis is the normalized counts
Credit: Yue Liu et al. 2018

X-ray light curve of Mrk 501 binned equally to the satellite orbital period during
theparticular observation. heavy points: soft X-ray band (0.6 – 2 keV); light
points: hard X-ray band 2 - 10 keV). Each light curve is normalized to its mean
count rate, i.e. 6.0, 3.4 cts/s, respectively. A blow-up of light curve during the
time region between the arrow is shown in the box, which demonstrates the
further rapid variability within the day-scale flares.
Credit: Tanihata et al. 2001

Correlation in observations
●

●

●

An anti-correlation is found between minimum variability timescale (MTS) and Lorentz factor, Γ, in GRBs (Sonbas et al., 2015)
Despite the central object mass difference, it may be possible
that blazars and GRBs are sharing similar jet physics.
Blazars and gamma ray bursts share the properties of their
jets, despite different Lorentz factors and accreting black hole
masses (Wu et al. 2016).

Correlation in observations
●

In Wu et al. 2016, they find
that the anti-correlation
between minimum variability
time-scale (MTS) and Lorentz
factor, Γ, as found only in
GRBs by (Sonbas et al., 2015)
can be extended to blazars as
well
With a joint correlation of
MTS ∝ Γ

−4.7±0.3

The MTS versus Lorentz factor, Γ, for GRBs and blazars. The solid
line represents the best linear fit for 21 GRB. The dotted line
represents the best fit for GRBs (excluding GRB 100621A) and
blazars in their sample.
Credit: Wu et al., 2016.

Our work
●

●

●

The variable energy output from the central engine
implies the varying jet Lorentz factor, as shown
e.g. by Sapountzis & Janiuk (2019).
This may lead to occurrence of internal shocks,
and affect both GRBs and blazars observed
variability.
Here we explore the scenario of magnetically
driven accretion and jet variability related to the
MRI timescale.

The Magnetorotational Instability (MRI)
●

●

●

Originally discovered by
Velikov (1959) and
Chandrashekhar (1960)
Importance to accretion
disks was recognized by
Balbus & Hawley (1991)
Leading mechanism for
driving turbulence and
momentum transport in
accretion disks

In this simple model of magnetorotational instability, two small masses,
(blue) and (red), orbit a massive central object. The spring connecting the
two masses tends to slow (blue) down, decreasing its angular momentum.
Since an object's orbital radius decreases with decreasing angular
momentum, (blue) moves even closer to the central object. The opposite
occurs for (red): it gains angular momentum and moves even farther from
the central object. Thus, a small difference in the positions of (blue) and
(red) tends to be magnified. In highly conductive plasmas, the magnetic
field acts as the spring, giving rise to magnetorotational instability.

Numerical setup
●

●

●

We use the modified version of the
HARM code (High Accuracy
Relativistic Magneto-hydrodynamics),
a conservative, shock capturing
scheme, for evolving the equations of
GRMHD, developed by Gammie et al.,
2003
We present here the two-dimensional
magneto-hydrodynamical models
computed in full General Relativity
(GR MHD)
Our intial condition assumes the
existence of a pressure equilibrium
torus, embedded in a poloidal
magnetic field
Initial conditions and evolved state. Torus density structure
and magnetic field contour lines at time t=0 and at time
t=2000 M are plotted for the model with β(max) = 60 and
Kerr parameter a = 0.99

Numerical setup
●

●

●

●

The torus initial configuration is the Chakrabarti
(1985) accretion disk model.
The inner edge of the torus is r in = 6 rg , and the
position of the maximum pressure is rmax = 16.5 rg.
Here, the angular momentum distribution has a
power law relation with the parameter λ = (ℓ/Ω)1/2 ,
where ℓ denotes the specific angular momentum and
Ω denotes the angular velocity.
In this case, the equation governing the behaviour of
λ with r becomes:
r 3+ βr + γ = 0,
where β = a2 – λ2 and γ = 2 (a – ℓ)(a – λ2/ℓ)
with ℓ = cλn, where n and c are some constants,
one can write γ = 2 (a – cλn)(a – 1 / (cλn-2))

Credit: Chakrabarti, S. K. (1985). ApJ, 288:1–6

Numerical setup
●

We implement the magnetic field as the magnetic field produced by a circular
current inside the torus.
We express the only non-zero component of the vector potential as (Jackson, 1999):

●

with E and K the complete elliptic integrals,
R the position of the circular current in the torus (same as rmax ) and A0 a parameter
used to scale the magnetic field.
●

●

All simulations start with this initial configuration and evolve with a jet launching
The code works in GR framework. For a convinient aspect, dimensionless units are
adopted, with G=c=M= 1. This means that the mass of the black hole will scale the
simulation (e.g. the gravitational radius rg = GMBH /c2 or time tg = GMBH /c3).

Models
●

●

●

●

●

The models are parameterized with the black
hole spin, and the initial magnetization of the
matter.
We use the initial gas to magnetic pressure
ratio, β = pgas /pmag, across the torus, to scale
the magnetic field
β depends also on the black hole spin
parameter a, because of the properties of torus
solution for the gas pressure distribution
We define a family of models with varying
magnitudes of β, normalizing them to the
maximum value within the torus
we use βmax = 60 (average β = 15),
βmax = 300 (average β = 75) and
βmax = 600 (average β = 150)
Initial distribution of gas to magnetic pressure ratio, β, in the torus at
time t=0 for the model with normalization β max= 60

Jet energetics, variability
●

●

HARM is a non-radiative GRMHD code, by definition we cannot produce lightcurve from it
(at least without a post processing code). Instead of a lightcurve analysis to determine the
variability of the emission, we are using the energetic parameter μ = −T rt /ρur
Energy conservation along a field line gives μ = γh (1 + σ);
which is the sum of
the inertial-thermal energy of the plasma, γh
and its Poynting flux, γhσ
Assuming a flat spacetime, we can interpret this parameter as the total plasma energy flux
normalized to the mass flux (Sapountzis and Janiuk, 2018).

●

It can also provide an estimation for the Maximum Lorentz factor achievable Γ ∞ = μ
by assuming that the Poynting and the thermal energy is transformed to baryon bulk
kinetic
(Vlahakis and Königl, 2003; Sapountzis and Janiuk, 2019).

Jet energetics, variability
●

The distribution of jet energetics parameter in an evolved state of the
simulation:

Jet structure at time t=2000 M. Plot shows distribution of energetics
defined as μ for models with β(max) = 600, Models display jets
launched from spinning black holes with the Kerr parameter of a = 0.6
(left column), a = 0.8 (middle column), and a = 0.95 (right column).

Jet energetics, variability
●

●

We note highly
inhomogeneous outflows,
where larger values of μ are
reached at the edges of the
jets rather than at the z polar
axis.
So we calculate the jet
energetics parameter at two
chosen points along the jet
direction located at r = 150 rg
, θ = 5◦ and θ = 10◦ and we
take the average value
Points p1(green dot) and p2(blue dot) at which μ is estimated

Jet variability
●

Time variability of total energetics (μ) as measured at inner
region of jet

Variability of jet energy parameter as function of time, measured at the inner region
of the jet (point p1), for the models with Kerr parameter a = 0.95 and (a) βmax = 60
and (b) βmax = 600

Jet variability
●

●

●

As mentioned, the μ parameter is measured at two points
along the jet.
The Lorentz factor Γ =< μ >t , the average of μ in time. This
will be in units of M
MTS ~ peak widths at their half maximum on the μ – t plot

Correlations of variability timescales and Kerr parameter

Correlation between the Kerr parameter a and Minimum variability Time Scale (MTS s = MTSMBH x GMBH/c3)

Correlations of jet power and Kerr parameter

Correlation between the Kerr parameter a and Lorentz factor Γ

Summary
●

We confirm the existence of the correlations
between the inferred minimum variability
timescale and magnetic field strength
as well as the black hole spin

●

We have a highly in-homogeneous jet structure
and the parts that are farther away from the axis
are more energetic

Thank you!

