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Black holes
The concept of a black hole can already be found in the work of Laplace
and was developed thanks to Einstein’s theory and the solutions of
Schwarzschild and Kerr.
Penrose proved the spacetime
singularity theorem
Cosmic censorship conjecture:
black hole is the final stage for
gravitational collapse processes
Sir Roger Penrose
Nobel Prize 2020

Inevitable if a trapped surface
has formed in space-time.
Discovered the process of
extracting energy from a black
hole at the expense of its
momentum

Rotating black hole in Kerr geometry
The metric element is given by
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where R 2 = r 2 + a2 cos2 θ,
∆ = r 2 − 2Mr + a2
The horizon radius is
rH = 1 + (1 − a2 )1/2 M,
where a = J/M;
convention G = c = 1

Black holes in the Universe

Stellar mass black holes reside in transient and persistent X-ray
sources. They capture matter from their companion stars
The newly born black holes are engines of gamma ray bursts.
Supermassive black holes reside in the centers of galaxies.
All of them capture matter from their cosmic environment in the
process called accretion. We observe light emitted from accretion
disk, not from the black hole

Astrophysical black holes formation
Black holes are formed as the end product of stellar evolution.
They have also formed from cosmic seeds, possibly quasi-stars
or dark matter haloes, and grown via accretion and mergers of
galaxies.
Primordial black holes might exist in the early Universe.

Stellar evolution

Stellar evolution is not observed via the life of a single star
Astronomers are observing numerous stars at various points in
their lifetime, and simulating stellar structure using computer
models.
The equations of stellar structure are a set of ODEs which
define a classic two-point boundary value problem.

Hydrostatic equilibrium is modified with acceleration term when
composition changes are rapid (stellar pulsations). Unstable
nuclear burning adds entropy terms to the energy equation.

Pre-supernova explosion stages

Evolutionary stages from
stellar core collapse
through the onset of the
supernova explosion to
the neutrino-driven wind
during the neutrinocooling phase of the
proto-neutron
star
(PNS). Taken from
Janka et al.
(2007),
“Theory of core-collapse
supernovae”

Black hole formation channels
After core-collapse supernova, the
nature of compact remnant mostly
depends on the progenitor mass on the
Main Sequence (Ott et al. 2018) and
is also dependent on its metallicity
(Nomoto et al. 2003).
Massive stars heavier than 10M are
frequently born in binary systems, or
in multiple stellar configurations (Sana
et al. 2012). Evolution is driven by
mass transfer (incl. unstable episode Cas A remnant
of Common Envelope)
Essentially different pre-SN structure
revealed by the different stellar
evolution models (Hirai et al. 2020).

Ejecta-companion interaction and binary disruption

evolutionary scenario from Sato et al. (2020)

Mass and spin of accreting black hole
When we already have a black hole, how can we determine its
mass? And how to determine its spin?

Image courtesy: N. Strobel, M. Mitsuda

Gravitational waves

Accelerating masses generate changes in the spacetime
curvature, which propagate ouwards with the speed of light
These propagating ripples are known as gravitational waves
Observer will find the spacetime distorted.
Nobel Prize in Physics: 2017 (K. Thorne, B. Barrish, R.
Weiss)

Black Hole mass assembly

Stellar-mass BHs: orbital motion.
15 have reflection based spin measurements: wide range of
spins from (a/M = 0.3 − 0.4) to (a/M & 0.95).
10 objects have spins determined by thermal continuum
fitting.
In 1 object only, 4U1543-47, a discrepancy between the 2
methods is found (Reynolds 2019)
LIGO BHs: masses and spins from gravitational waveforms

Most massive BBH merger

The joint LIGO-Virgo team says the model that best fits the data
is of two black holes weighing in at about 66 and 85 solar masses,
merging into a black hole of 142 Suns. The remaining eight solar
masses would have been converted into gravitational wave energy.

The event is known as GW190521, lasted just one-tenth of 1
second

LIGO Spin constraints
In LIGO data, a negative
correlation between mass and
the mean effective spin is found
(Safarzadeh et al. 2020)
Data disfavour large spins.
Typical spins are constrained to
a . 0.4. For aligned spins the
constraints are tighter, spins
required a ∼ 0.1 (Rouet &
Zaldarriaga, 2019)
The most-spinning objects
constrained to have significant
support at the Kerr limit are
GW151226 and GW170729
(Biscoveanu et al. 2020)

Gamma Ray Bursts (GRB)

Gamma Ray Bursts - what we observe

Are the collapsars source of all long gamma ray bursts?

The observed duration of a GRB is the difference between the time its
central engine operates, producing the jet, and the jets breakout time. At
short durations the rate of bursts produced by collapsars should be
independent of their duration. Such a behaviour is observed in all GRB
satellites/detectors: BATSE, Swift and GBM. (Piran et al. 2013)

Selected projects of the CFT Astrophysics group

Our group at CTP PAS works on various aspects of black hole
accretion process. Among them:
Stellar collapse without bright transient.
Collapsars: changes of black hole spin and mass.
Accretion in GRB engines. Jet ejection and variability.

Direct collapse without luminous transient

N6946-BH1 and PHL293B-LBV: two stars have been argued to
disappear without an accompanying bright transient (Gerke et al.
2015; Adams et al. 2017; Allan et al. 2020).
A collapse to a BH without feedback is a possible explanation for
the sudden disappearance of the star.

’First’ observation in the V band (Rc band) is on 2008 July 5 (2008 May
3) and the Last observation is on 2014 November 20. The candidate is
clearly detected in the first epoch, experiences an outburst and is not
visible on or after 2009 October 20.

Our tool for collapse GR MHD simulations
HARM code: High Accuracy Relativistic Magnetohydrodynamics
(Gammie et al. 2003). The code provides solver for continuity and
energy-momentum conservation and induction equations in GR:
∇µ (ρu µ ) = 0; ∇µ T µν = 0; ∇µ (u ν b µ − u µ b ν ) = 0
Energy tensor contains in general the gas and electromagnetic
parts:
µν
µν
T µν = Tgas
+ TEM
µν
Tgas
= ρhu µ u ν + pg µν = (ρ + u + p)u µ u ν + pg µν
1
∗ µν
µν
TEM
= b 2 u µ u ν + b 2 g µν − b µ b ν ; b µ = uν F
2
where u is internal energy, u µ is four-velocity of gas, and
b µ = 12 εµνρσ uν Fρσ . In force-free approximation, Eν = uµ F µν = 0.
EOS in simplest case is that of ideal gas

p = K ργ = (γ − 1)u

Spherically accreting cloud
Initial conditions for our model invoke non-magnetized,
spherically distributed cloud of gas, like in Bondi (1952).
The radial velocity reaches the speed of sound at the sonic
point and speed of light at the horizon. Sonic point location is
our parameter, and the velocity at this critical point is:
GMbh
(1)
[usr ]2 =
2rs
The radial velocity is obtained by numerically solving the
relativistic Bernoulli equation (Shapiro & Teukolsky 1986):
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and the density is set by the mass accretion rate Ṁ:
ρ=

Ṁ
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(3)

Imposing low angular momentum

For geodesic circular motion at the ISCO, the angular velocity is
φ
uisco
= −g φt εisco + g φφ lisco ,

(4)

where the specific energy and angular momentum at the ISCO
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Mini disks in collapsing star
We include a factor C sin2 θ in the initial angular velocity profile
such that
u φ = C sin2 θ(−g tφ εisco + g φφ lisco ).
(7)

Figure: Internal energy density (in code units) at t = 300rg /c for
mini-disk simulations of initially non-spinning BHs (a0 = 0) with varying
angular momentum content. The arrows represent the velocity vectors of
the flow, and the cyan circle shows the location of the ISCO.

Critical rotation of the envelope
Energy can steadily accumulate
in the equatorial region
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Above the critical specific
angular momentum, C = 1.2,
accretion onto a BH can
generate feedback.
For flows with C & 1.2, we
expect feedback to likely halt
the collapse.
Any additional accumulation of
energy will result in the
disruption of the entire star,
with a bright transient from the
expanding cooled envelope

Maximum angular velocity of a star

risco

For feedback not to be effective,
the star needs to satisfy:
l(r ) ≤ lfb (r ) = Cfb lisco (r ).

✓( )
Integrated U (r)/Integrated Ubondi (r)

r = risco

r = 1.17risco
r = 1.33risco

Only the stars outermost
material has enough specific
angular momentum, Ωlim R∗2 to
balance the critical condition
Cfb lisco (R∗ )
We find that Cfb = 1.2

C

Dissipation of energy in
collapsar envelope

Ωlim can be expressed in terms
of the star’s breakup angular
1/2
velocity Ωbreak = GM∗ /R∗3
(Batta & Ramirez-Ruiz 2010)

Constraints on the rotational velocities of stars
We find that about 5% of the stars we evolved have Ω/Ωbreak
below the critical value and will leave no accompanying transient

Left: Hertzsprung-Russell diagram of the MESA models. Solid
lines: Z = Z Teal strip: luminosity and temperature constraints
for N6946-BH1. Dotted lines: Z = 0.02Z Orchid srip: models
used to constrain PHL293B-LBV. Right: Rotational velocities and
masses of O stars taken from Ramirez-Agudelo et al. (2013) and
Weidner & Vink (2010). Evolved are rotational velocites of MESA
models until carbon burning ends.

Some comments

When l(r ) & lfb (r ) the collapse may be followed by a bright
transient. Results is likely depending on the mass and spin of
the BH, the rate at which gas is supplied, the spin orientation
relative to our line of sight, and the structure of the envelope
We assumed rigid-body rotation of evolving stars, i.e., very
efficient angular momentum transport. The mechanisms
responsible for transporting angular momentum inside massive
stars are currently not well understood.
Stellar winds can extract a significant amount of angular
momentum from the star
Accounting for the impact of binary evolution would further
change the expected fraction of vanishing stars.

Copenhagen summer student project
Started at the 2017 KAVLI Summer Program on Astrophysics

... and turned into a full ApJ Letter paper (Murguia-Berthier et
al., ApJ, 901, L24; 2020) with 7 coauthors.
Student, Ariadna Murguia, awarded post-doc via the NASA
Einstein Fellowship in 2021!

Collapsars. Change of mass and spin of the black hole

How long can a GRB be? (Janiuk & Proga 2008, ApJ, 675, 519)

Change of BH mass and spin and metric

Black hole accretes both mass and angular momentum.
∆M =

curr
MBH
−1
0
MBH

0 is the initial mass of the black hole, and the current
where MBH
mass is given by integration of the mass flux over the horizon at
every time-step:
Z
√
i−1
curr
MBH = MBH + 2π
M˙in −g dθ × Dt
r =rin

Change of BH mass and spin and metric
We update the six relevant coefficients of the gµν metric in the
Kerr-Schild form, namely gtt , gtr , gtφ , grr , gr φ , gφφ will depend
now on (1 + ∆M) and updated spin parameter ai .
ai = ai−1 + (
where
J˙ ≡
and

J˙
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MBH

Z
dθdφ
Z
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−g T r φ

√
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(see details in A. Janiuk, P. Sukova, I. Palit, 2018, ApJ; .cf.
Hamersky & Karas, 2013)

Black hole evolution during collapse

Black hole accretes both mass and angular momentum.
BH spin and Kerr metric is changing accordingly
For higher initial spins, also net spin-down is possible

Lines correspond to 3 values of star’s angular momentum normalisations,
S = 0.4, S = 1.0, and S = 1.4. (from D. Krol & A.Janiuk, 2021, ApJ, in
press)

Probing parameter space

We probed a range of angular momentum contents in the
collapsar, and range of initial black hole spins.
Supercritical rotation always spins up the black hole
maximally, but dependence on the initial spin is not
monotonic.
Growth of black hole mass is largest when envelope rotation is
slow, and the black hole was at least moderately spinning.

Shock propagation

Two shock fronts were found with velocities are 0.014 c and 0.022
c. For the models with sub critical envelope rotation we obtained
higher velocities of the shock fronts: 0.04c and 0.044c, depending
on BH spin (a=0.5, 0.85). This trend seems opposite in
comparison to Murguia-Berthier et al. (2020), who studied
non-spinning BHs.

Effect of the magnetic fields on the black hole growth

Simulation of the collapsar model with initial BH spin A=0.85,
parabolic magnetic field normalized to β = 1.0 (solid) and β = 100
(dashed), and three magnitudes of angular momentum

Structure of magnetized collapsar

Snapshots from simulation of the collapsar model with initial BH
spin A=0.5, and critical rotation S=1.0. Magnetic field is
normalized with β = 1. Figures show zoom-in scale up to 100 rg .
Magnetized jet cannot break out of the collapsing envelope.

Some comments
We compute the model of slowly-rotating quasi spherical
collapse with changing black hole spin and mass and Kerr
metric update
Our method is fully GR MHD, and we think it gives a good
approximation to the collapsar problem. Still neglecting the
self-gravity of the torus (a new on-going project)
Strongly magnetized collapsars reach lower maximum black
hole spins.
Further work: the initial conditions as results from the
state-of-the-art stellar evolutionary model, like MESA

Master thesis of Ms Dominika Krol, defended with
honors at Jagiellonian University, July 2020

GRB central engine

Popham et al. 1999; Di Matteo et al. 2002; Janiuk et al. 2004; 2007;
2013; 2017; 2019; Lei et al. 2009; 2015; Liang 2017

Jet, energetics and variability

energy conservation
µ = γh (1 + σ)
inertial-thermal
energy γh
Poynting flux, γhσ
Maximum
achievable Lorentz
factor Γ∞ = µ,
all energy is
transformed to bulk
kinetic (Vlahakis &
Koenigl 2003)

Evolved t=2000 [M] snapshot of the
MHD model, (Sapountzis & Janiuk 2019,
ApJ, 873, 12)

Jet variability

σ=

(TEM )rt
(Tgas )rt

µ=−

Ttr
ρu r

Time variability of σ and µ as measured at inner regions of jet . Right:
variability as correlated with T MRI , timescale of the fastest growing
mode (Sapountzis & Janiuk, 2019, ApJ).

Correlation of variablity timescales and jet power

Left:Total energetics of jet, as measured in specific points
(p1- 5◦ from axis; p2- 10◦ from axis), and averaged; Right:
Correlation between minimum variability timescale, MTS and black
hole spin. Families of models differ with initial gas-to-magneic
pressure ratio in the torus, β = pgas /pmag .

Correlation of power density spectrum and jet power

Relation between the Lorentz factor in the jet and the slope of the
fitted power law for jet variability in all models
(A.J., B. James, I. Palit, 2021, ApJ, submitted)

GRB variability. Take away message

Detected gamma ray flux exhibits a large variety of patterns
that reflect complicated processes governing the high energy
radiation.
The flux varies on multiple timescales, and power spectral
density of the lightcurves is frequently fitted with the
power-law function (P(f ) ∼ f −α ).
We speculate that the relation between Γ and MTS which
spans ∼ 10 orders of magnitude in the observations presented
by Wu et al. (2016), can also reach the blazar sample. The
black hole mass in our simulations scales the MTS via the
gravitational time scale, up to log(T ) ∼ 5 for a black hole
mass of 108 M . The smaller values of Lorentz factor should
be related mainly with smaller black hole spin

Thank you for attention!

Short GRB formed after binary neutron star merger

Baiotti & Rezzolla 2015

Metzger & Berger (2012)

Torus accretion

Figure: Equilibrium FM torus evolution

Figure: Chakrabarti torus evolution

Magnetic fields. Poloidal configurations
Relativistic formulation of Maxwell’s equations are
∂α F αβ = µ0 J β

∂α Fµν + ∂ν Fαµ + ∂µ Fνα = 0,
Electromagnetic tensor Fµν is given by

Fµν = ∂µ Aν − ∂ν Aµ ,
where Aµ is electromagnetic four-vector. Assuming axial symmetry
and absence of electric field, the only non-zero component of Aµ
will be Aφ : Aµ = (0, 0, 0, Aφ ).
For poloidal field, Aφ = Aφ (r , θ).
b
b
Magnetic field three-vector B = (B rb, B θ , B φ ) related to Aφ
1
1
B =√
Aφ,θ = 2
Aφ,θ ,
−g
r sin(θ)
rb
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Magnetic fields. Poloidal configurations
Vertical field (Wald, 1974):
Aφ ∝ r 2 sin2 (θ)
Current loop (Petterson, 1974):
Aφ ∝

R 2 r sin(θ)
(R 2 + r 2 )3/2

Field following disk density structure
Aφ =

ρ̄
ρmax

− ρ0

Parabolic field
Aφ ∝ r k (1 − | cos(θ)|)

Polish Doughnut
Provides the matter
configuration in a
stationary state, e.g.
spherically, or axially
symmetric, perfect fluid
Rotation: angular
momentum profile

Specific angular momentum
l∗ = l/(1 − Ωl) is constant
through the torus. (Abramowicz, Jaroszynski, Sikora, 1978).

Basic equations must be
satisfied (continuity,
dynamics - Euler
equation)
Perturb and start
accretion. Magnetic fields
transport angular
momentum.

Equlibrium torus configuration in Kerr metric
Toroidal perfect fluid configuration of neutral matter around
Kerr BH
Stationary and axially symmetric: ∂t X = 0 and ∂ϕ X = 0,
with X a generic spacetime tensor
Barotropic equation of state p = p(%) is assumed
Continuity equation satisfied, dynamics governed by Euler
equation
(p + %)u α ∇α u γ + hβγ ∇β p = 0,

(8)

here ∇α gβγ = 0, hαβ = gαβ + uα uβ is the projection tensor.
Equation for pressure then follows (cf. Fishbone & Moncrief 1976;
Abramowicz et al. 1978):

Ω∂µ l
∂µ p
= −∂µ W +
, W ≡ − ln −gtt − 2Ωgtφ − gφφ Ω2 +l∗ Ω.
%+p
1 − Ω`
(9)
where W (r ; `, a) is the potential.

