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PNDs of electromagnetic field are aligned 
with PNDs of the Weyl tensor

Principal null direction (PND) is 
such a null vector that 

• For Weyl tensor

where

• For Faraday tensor

where

For type D black holes such variants may be

Fully non-aligned Fully aligned

One PND is aligned
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There are up to 4 such 
directions for Weyl tensor

For type D black holes 2 
become degenerate

There are up to 2 such 
directions
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Asymptotically flat black holes
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C-metric
(1918)

Taub-NUT
(1963)

Asymptotically non-flat

Type D

Aligned

Schwarzschild 
(1916)

Reissner-
Nordstrom (1917)

Kerr
(1963)

Kerr-Newman
(1965)

Not charged

Non-
rotating

Rotating

Charged

Asymptotically flat

Are of algebraic type D

PNDs of electromagnetic field are aligned 
with PNDs of the Weyl tensor

Up to what extend are we able to generalize this class?
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Aligned type D black holes
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The most general solution, satisfying such properties 

29/05/2026 EREP 2026, Murcia, Spain



Aligned type D black holes

15

The most general solution, satisfying such properties 

• Solution is of algebraic type D 

• Satisfies Einstein-Maxwell equations

• PNDs of Faraday and Weyl tensors are aligned

29/05/2026 EREP 2026, Murcia, Spain



Aligned type D black holes

16

The most general solution, satisfying such properties 

• Solution is of algebraic type D 

• Satisfies Einstein-Maxwell equations

• PNDs of Faraday and Weyl tensors are aligned

Debever, Kamran and 
McLenaghan (1984) 

29/05/2026 EREP 2026, Murcia, Spain



Aligned type D black holes

17

The most general solution, satisfying such properties 

• Solution is of algebraic type D 

• Satisfies Einstein-Maxwell equations

• PNDs of Faraday and Weyl tensors are aligned

Debever, Kamran and 
McLenaghan (1984) 

• Expansion of PNDs is non-zero
Plebanski-Demianski 

(1976)

29/05/2026 EREP 2026, Murcia, Spain



Aligned type D black holes

18

The most general solution, satisfying such properties 

• Solution is of algebraic type D 

• Satisfies Einstein-Maxwell equations

• PNDs of Faraday and Weyl tensors are aligned

Debever, Kamran and 
McLenaghan (1984) 

• Expansion of PNDs is non-zero
Plebanski-Demianski 

(1976)

Plebanski-Demianski spacetime contains such parameters:

m

m

Mass of a 
BH

29/05/2026 EREP 2026, Murcia, Spain



Aligned type D black holes

19

The most general solution, satisfying such properties 

• Solution is of algebraic type D 

• Satisfies Einstein-Maxwell equations

• PNDs of Faraday and Weyl tensors are aligned

Debever, Kamran and 
McLenaghan (1984) 

• Expansion of PNDs is non-zero
Plebanski-Demianski 

(1976)

Plebanski-Demianski spacetime contains such parameters:

m

a m

Mass of a 
BH

a

Kerr-like 
parameter, 
represents 
angular 

momentum 
of BH

29/05/2026 EREP 2026, Murcia, Spain



Aligned type D black holes

20

The most general solution, satisfying such properties 

• Solution is of algebraic type D 

• Satisfies Einstein-Maxwell equations

• PNDs of Faraday and Weyl tensors are aligned

Debever, Kamran and 
McLenaghan (1984) 

• Expansion of PNDs is non-zero
Plebanski-Demianski 

(1976)

Plebanski-Demianski spacetime contains such parameters:

m

a m

a α

Acceleration 
represents 

tension of a 
string

Kerr-like 
parameter, 
represents 
angular 

momentum 
of BH

Mass of a 
BH

29/05/2026 EREP 2026, Murcia, Spain



Aligned type D black holes

21

The most general solution, satisfying such properties 

• Solution is of algebraic type D 

• Satisfies Einstein-Maxwell equations

• PNDs of Faraday and Weyl tensors are aligned

Debever, Kamran and 
McLenaghan (1984) 

• Expansion of PNDs is non-zero
Plebanski-Demianski 

(1976)

Plebanski-Demianski spacetime contains such parameters:

m

a m

a

Taub-NUT 
twist, 

represents 
twist of a 

string

lα

Acceleration 
represents 

tension of a 
string

Kerr-like 
parameter, 
represents 
angular 

momentum 
of BH

Mass of a 
BH

29/05/2026 EREP 2026, Murcia, Spain



Aligned type D black holes

22

The most general solution, satisfying such properties 

• Solution is of algebraic type D 

• Satisfies Einstein-Maxwell equations

• PNDs of Faraday and Weyl tensors are aligned

Debever, Kamran and 
McLenaghan (1984) 

• Expansion of PNDs is non-zero
Plebanski-Demianski 

(1976)

Plebanski-Demianski spacetime contains such parameters:

m

a m

e, g

a e,g

Electric 
and 

magnetic 
charges of a 
black hole

Taub-NUT 
twist, 

represents 
twist of a 

string

lα

Acceleration 
represents 

tension of a 
string

Kerr-like 
parameter, 
represents 
angular 

momentum 
of BH

Mass of a 
BH

29/05/2026 EREP 2026, Murcia, Spain



Aligned type D black holes
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The most general solution, satisfying such properties 

• Solution is of algebraic type D 

• Satisfies Einstein-Maxwell equations

• PNDs of Faraday and Weyl tensors are aligned

Debever, Kamran and 
McLenaghan (1984) 

• Expansion of PNDs is non-zero
Plebanski-Demianski 

(1976)

Plebanski-Demianski spacetime contains such parameters:

m

a m

e, g

a e,g

Electric 
and 

magnetic 
charges of a 
black hole

In principle, cosmological constant Λ can be added

Kerr-like 
parameter, 
represents 
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momentum 
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BH
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represents 
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Non-aligned type D black holes
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Solution is of algebraic 
type D 

Satisfies Einstein-Maxwell 
equations

PNDs of Faraday and 
Weyl tensors are aligned

Plebanski-Demianski 
(1976)
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Leroy (1978)
Leroy (1979)
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Non-aligned type D black holes

30

Solution is of algebraic 
type D 

Satisfies Einstein-Maxwell 
equations

PNDs of Faraday and 
Weyl tensors are aligned

Plebanski-Demianski 
(1976)

Non-aligned type D black holes

Fully non-alignedOne PND is aligned Robinson, Schild, Strauss (1969), 
Leroy (1978) 
Leroy (1979)

These solutions reduce to Minkowski in 
vacuum

Kerr is not in this class

Van den Bergh-Carminati (2020)

Only static case

Physical interpretation is not clear
Our aim: to generalize this class

 to add twist and give it a physical interpretation
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A new solution
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General metric
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Metric for the new class is given by (Phys. Rev. D 112 (2025) 6, 064076)
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Electromagnetic 1-form is given by
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Electromagnetic field
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Electromagnetic 1-form is given by

Generally, this E.M. 
field is not aligned

Fully non-aligned

Analysis of the accelerationless case shows that

represent electric and magnetic charges of a BH itself 
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Analysis of the no-acceleration case shows that

represent electric and magnetic charges of a BH itself 

represent duality rotation between them
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Electromagnetic 1-form is given by

Generally, this E.M. 
field is not aligned

Fully non-aligned

represent electric and magnetic charges of a BH itself 

complex charge, related to non-aligned part of e.m. field 

represent duality rotation between them

This solution is complicated in its original form

Analysis of the no-acceleration case shows that
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Electromagnetic field

44

Electromagnetic 1-form is given by

Generally, this E.M. 
field is not aligned

Fully non-aligned

Analysis of the no-acceleration case shows that

represent electric and magnetic charges of a BH itself 

complex charge, related to non-aligned part of e.m. field 

represent duality rotation between them

To interpret this non-aligned field physically,
let us consider some special subcases 

This solution is complicated in its original form
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Special limit
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Kerr Black Hole in a Uniform Bertotti-Robinson Magnetic Field: 
An Exact Solution

Phys. Rev. Lett. 135 (2025) 18, 181401
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Special limit
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Special limit we would like to investigate is the one in which
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Special limit

Special limit we would like to investigate is the one in which

where

This brings the metric to the form

EM field 1-form is given by

It is of type D
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Subcases of this solution

• Taking brings the metric to the Kerr spacetime 
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Brings the metric to the Bertotti-Robinson spacetime. 
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Subcases of this solution

• Taking brings the metric to the Kerr spacetime 

• Taking limit with the transformation of coordinates 

It is conformally flat Represents uniform electromagnetic field

– duality rotation parameter

55

Brings the metric to the Bertotti-Robinson spacetime. 
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Kerr-Bertotti-Robinson black hole

New solution 
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Bertotti-Robinson

Represents spacetime with 
the uniform 
electromagnetic field
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Bertotti-Robinson

Represents spacetime with 
the uniform 
electromagnetic field

Kerr

Represents rotating black 
hole
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Kerr-Bertotti-Robinson black hole

New solution 
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Bertotti-Robinson

Represents spacetime with 
the uniform 
electromagnetic field

Kerr

Represents rotating black 
hole

Van den Bergh-
Carminati

Represents static subcase
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Kerr-Bertotti-Robinson black hole

New solution 

This allows to interpret the new class as a black hole in a uniform electromagnetic field
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Bertotti-Robinson

Represents spacetime with 
the uniform 
electromagnetic field

Kerr

Represents rotating black 
hole

Van den Bergh-
Carminati

Represents static subcase
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Kerr-Bertotti-Robinson black hole

New solution 

This allows to interpret the new class as a black hole in a uniform electromagnetic field

This solution is different from the Melvin-based spacetimes
(Ernst (1976), Ernst and Wild (1976)) that are:
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Kerr-Bertotti-Robinson black hole

New solution 

This allows to interpret the new class as a black hole in a uniform electromagnetic field

This solution is different from the Melvin-based spacetimes
(Ernst (1976), Ernst and Wild (1976)) that are:

• Of algebraic type I

• Represent non-uniform electromagnetic field 

• Geodesics cannot escape to infinity (Karas and Vokrouhlicky (1992))

• Ergospheres extend to infinity (Gibbons, Mujtaba and Pope (2013))
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the uniform 
electromagnetic field
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hole
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Kerr-Bertotti-Robinson black hole

New solution 

Bertotti-Robinson

Represents spacetime with 
the uniform 
electromagnetic field

Kerr

Represents rotating black 
hole

Van den Bergh-
Carminati

Represents static subcase

This allows to interpret the new class as a black hole in a uniform electromagnetic field

This solution is different from the Melvin-based spacetimes
(Ernst (1976), Ernst and Wild (1976)) that are:

• Of algebraic type I

• Represent non-uniform electromagnetic field 

• Geodesics cannot escape to infinity (Karas and Vokrouhlicky (1992))

• Ergospheres extend to infinity (Gibbons, Mujtaba and Pope (2013))

Does our solution possess some more realistic properties?
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Singularities of the Kerr-BR

• Curvature singularity 

The only non-zero scalar, characterising this spacetime, is 

It becomes singular only when same as for the Kerr BH
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Singularities of the Kerr-BR

• Curvature singularity 

The only non-zero scalar, characterising this spacetime, is 

It becomes singular only when 

• Conical singularity 

same as for the Kerr BH

Conical singularities occur when ratio of circumference and radius of a circle 
around pole is not 
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Singularities of the Kerr-BR

• Curvature singularity 

The only non-zero scalar, characterising this spacetime, is 

It becomes singular only when 

• Conical singularity 

same as for the Kerr BH

Conical singularities occur when ratio of circumference and radius of a circle 
around pole is not 

In our case 

For non-zero magnetic field
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Singularities of the Kerr-BR

• Curvature singularity 

The only non-zero scalar, characterising this spacetime, is 

It becomes singular only when 

• Conical singularity 

same as for the Kerr BH

Conical singularities occur when ratio of circumference and radius of a circle 
around pole is not 

In our case 

For non-zero magnetic field

But this can be cured simultaneously 
for both axes if we redefine the range 
of coordinate
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Singularities of the Kerr-BR

• Curvature singularity 

The only non-zero scalar, characterising this spacetime, is 

It becomes singular only when 

• Conical singularity 

same as for the Kerr BH

Conical singularities occur when ratio of circumference and radius of a circle 
around pole is not 

In our case 

For non-zero magnetic field

But this can be cured simultaneously 
for both axes if we redefine the range 
of coordinate

with the unique choice
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Horizons

Horizons are defined as zeros of function 
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Horizons

Horizons are defined as zeros of function 

They are given by

in the B=0 limit they reduce to purely Kerr
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Horizons are defined as zeros of function 

They are given by

in the B=0 limit they reduce to purely Kerr

In the rotationless case
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Horizons

Horizons are defined as zeros of function 

They are given by

in the B=0 limit they reduce to purely Kerr

In the rotationless case

Horizon becomes extreme for
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Horizons

Horizons without 
magnetic field
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Electromagnetic field
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Electromagnetic field

To visualize the electromagnetic field, we conduct the 3+1 splitting of this 
spacetime, adapted to a ZAMO observer with 4-velocity
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Electromagnetic field

To visualize the electromagnetic field, we conduct the 3+1 splitting of this 
spacetime, adapted to a ZAMO observer with 4-velocity
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Electromagnetic field

To visualize the electromagnetic field, we conduct the 3+1 splitting of this 
spacetime, adapted to a ZAMO observer with 4-velocity

Then the 3-dimensional electric and magnetic field are given by

where 3-dimensional local Cartesian tetrad is 

From the axial symmetry directly follows that 
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Electromagnetic field (B=0.2)

No rotation
No mass

80

Uniform 
electromagnetic field
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Electromagnetic field (B=0.2)

When mass is added, 
electromagnetic field is 
being expelled

This is known as 
the black hole
Meissner effect

Expulsion is not full
as a BH is not charged

ZAMO 
fails here

Horizon
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Electromagnetic field (B=0.2)

As we increase mass, 
phenomenon
becomes stronger

ZAMO 
fails here

Horizon
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Electromagnetic field (B=0.2)

ZAMO 
fails here

Horizons Ergoregions
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Electromagnetic field (B=0.2)

Horizons Ergoregions

8429/05/2026 EREP 2026, Murcia, Spain



Geodesic motion and 
thermodynamics
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Geodesic motion

Melvin-based spacetimes do not allow geodesic particles to escape to radial infinity 
Thorne (1965), Melvin and Wallingford (1966)
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What happens in our case?
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Geodesic motion

Melvin-based spacetimes do not allow geodesic particles to escape to radial infinity 
Thorne (1965), Melvin and Wallingford (1966)

What happens in our case?

Spacetime has two Killing vectors thus the corresponding momenta 

are conserved
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Geodesic motion

Melvin-based spacetimes do not allow geodesic particles to escape to radial infinity 
Thorne (1965), Melvin and Wallingford (1966)

What happens in our case?

Spacetime has two Killing vectors thus the corresponding momenta 

are conserved

Generally, for non-equatorial motion Hamilton-Jacobi equations are not separable
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Geodesic motion

Melvin-based spacetimes do not allow geodesic particles to escape to radial infinity 
Thorne (1965), Melvin and Wallingford (1966)

What happens in our case?

Spacetime has two Killing vectors thus the corresponding momenta 

are conserved

Generally, for non-equatorial motion Hamilton-Jacobi equations are not separable

But for equatorial motion (and for zero Kerr parameter a) equation of radial 
motion is given by
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Geodesic motion

Melvin-based spacetimes do not allow geodesic particles to escape to radial infinity 
Thorne (1965), Melvin and Wallingford (1966)

What happens in our case?

Spacetime has two Killing vectors thus the corresponding momenta 

are conserved

Generally, for non-equatorial motion Hamilton-Jacobi equations are not separable

But for equatorial motion (a=0) equation of radial motion is given by

where
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Effective potential

Circular 
orbits 
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Geodesics and ISCO

For large radii one gets

Thus, geodesics can easily reach infinity 
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Geodesics and ISCO

For large radii one gets

Thus, geodesics can easily reach infinity 

Innermost stable circular orbit (ISCO) may be found from conditions 
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Geodesics and ISCO

For large radii one gets

Thus, geodesics can easily reach infinity 

Innermost stable circular orbit (ISCO) may be found from conditions 

Direct computation shows the same relation as for Schwarzschild!

However, in this case the horizon is
further then for the Schwarzschild case
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bounded
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Thermodynamics

96

Next step is to analyse thermodynamical properties of this black hole.
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Thermodynamics

Area of the horizon

Entropy
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Next step is to analyse thermodynamical properties of this black hole.
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Thermodynamics

Area of the horizon Surface gravity

Entropy Temperature
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Next step is to analyse thermodynamical properties of this black hole.
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Thermodynamics

Area of the horizon Surface gravity

Entropy Temperature

reminds the Smarr relation 
with mass
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Next step is to analyse thermodynamical properties of this black hole.

In the no-rotation case (a=0) they satisfy
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Thermodynamics

Area of the horizon Surface gravity

Entropy Temperature

reminds the Smarr relation 
with mass

Moreover, this mass satisfies the 1-st law

Here the variations are such that the poles remain regular
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Thermodynamics

Area of the horizon Surface gravity

Entropy Temperature

In the no-rotation case (a=0) they satisfy
reminds the Smarr relation 
with mass

Moreover, this mass satisfies the 1-st law

Here the variations are such that the poles remain regular

No terms with variations of magnetic field

This is natural as the case we are considering is 
not charged
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Next step is to analyse thermodynamical properties of this black hole.
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Thermodynamics

Next step is to analyse thermodynamical properties of this black hole.

Area of the horizon Surface gravity

Entropy Temperature

reminds the Smarr relation 
with mass

Moreover, this mass satisfies the 1-st law

Here the variations are such that the poles remain regular

No terms with variations of magnetic field

This is natural as the case we are considering is 
not charged

Variation of the external parameter (magnetic 
field) does not have to enter the 1-st law for a BH
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In the no-rotation case (a=0) they satisfy
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Thermodynamics
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Entropy Temperature

Extreme case

Kerr

Kerr
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Conclusions

Thus, in our work
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Conclusions

Thus, in our work

• We presented a new class of spacetimes of type D
    with non-aligned electromagnetic field with
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Conclusions

Thus, in our work

• We presented a new class of spacetimes of type D
    with non-aligned electromagnetic field with

• Mass m, Kerr twist a, acceleration α, NUT twist l

• Charges of a black hole 

• Strength of the non-aligned part c 
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• Geodesics in this class may escape to radial infinity
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Conclusions

Thus, in our work

• We presented a new class of spacetimes of type D
    with non-aligned electromagnetic field with

• Mass m, Kerr twist a, acceleration α, NUT twist l

• Charges of a black hole 

• Strength of the non-aligned part c 

• Geodesics in this class may escape to radial infinity

• Curvature singularities are the ring-like (as for the Kerr BH)
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Conclusions

Thus, in our work

• We presented a new class of spacetimes of type D
    with non-aligned electromagnetic field with

• Mass m, Kerr twist a, acceleration α, NUT twist l

• Charges of a black hole 

• Strength of the non-aligned part c 

• Geodesics in this class may escape to radial infinity

• Curvature singularities are the ring-like (as for the Kerr BH)

109

• We showed that the non-aligned part of the electromagnetic field
   comes from the external, uniform field
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Conclusions

Thus, in our work

• We presented a new class of spacetimes of type D
    with non-aligned electromagnetic field with

• We showed that the non-aligned part of the electromagnetic field
   comes from the external, uniform field

• Black holes within this class exhibit expulsion of the magnetic field 
    the so-called Meissner effect

• Mass m, Kerr twist a, acceleration α, NUT twist l

• Charges of a black hole 

• Strength of the non-aligned part c 

• Geodesics in this class may escape to radial infinity

• Curvature singularities are the ring-like (as for the Kerr BH)
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Thank you for your attention!
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