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KERR—-NEWMAN—NUT METRIC

g =% (Ldr? + d9?) + L((X +ax)?sin’ 0 — x>A)dep?
+ £(Ax —a(X +ax) sin”9)dt dp — £ (A —@*sin® ¥)dt*

Z:r2+(£+acosm9)2 a spin

X =asin°® — 24 .cos ge electric charge

A=r*—2mr+a*— 0+ qg ¢ NUT parameter

£=0 a=0 a#0 Taub-NUT

gd. = 0 |Schwarzschild Kerr {40 a=0

de 7 0 |Reissner-Nordstrom |Kerr-Newman g =0
y v
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KERR—-NEWMAN—-NUT WITH A

g Z(Ardr 4 dﬁz) ((Z + ax)zﬁ sin” 19 —ﬁxQ)dcp2
+5(Ax — a(% + ax)Agsin”¥)dtdp — £ (A, — a’Agsin® 9)dt?

> = r°+ (Z+acosm9)2 a spin
X = asin® ¥ — 24cos ¥ g. electric charge
AN=r*—2mr+a*— £+ qg ¢ NUT parameter

D)=A—N(a"— )+ (38" +2€°)r* + 5r*)
Ay =1+ A(+3a€cosd + 2a° cos” O)

/A cosmological
constant
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RESEARCH TRAINING GROUP

I Models of Graviry I . ZARM N



KERR—-NEWMAN—-NUT WITH A
PROPERTIES

» Horizons: A, =0 A

» Ring singularity: >~ =0  3if|a| > |¢]

» Axial singularity:  ¢*(dt,dt) — oo

2 semi-infinite singularities on half-axis
——P massless rotating rods

» Causality violation: g,, = 9(8,,8,) <O

» Ergosphere: git = 9(0:, 0;) > 0
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KERR—NEWMAN—NUT WITH A
EQUATIONS OF MOTION FOR LIGHT

x(L, — Ex) (Z+ax)((X+ax)E — aL,)

-t = Ay sin® 9 ' A,
L,—Ex a((X +ax)E — alL,)
~ Agsin?® A,
> 292 = AgK (XE_ = L)’ sphere condition
sin© ¢
7212 = (Z 4 ax)E —al,)” — AK F=0 F=0

CONSTANTS OF MOTION FOR LIGHT

_6_[, » Angular Momentum L, @L
T: 5 "~ 09

» Lagrangian £ =0 » Carter Constant K
Srene %

» Energy E =
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KERR—-NEWMAN—-NUT WITH A
REGION WITH SPHERICAL LIGHT RAYS

For 3°7° & S (X°¢*) provide F =0, 7=0:

[, 2r\,
—Z (Y
= (Z + ax) p—
K L 4r2A/’ \
E2 (r—m)? Lz &ﬁ
E  E?

Inserting in 0 < ¥29° = K (><S/5m—2LT;)2

reveals region with spherical light rays:

K: (4rAr — ZA’r)2 <16a°r°A,Agsin®
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REGION WITH SPHERICAL LIGHT RAYS

Schwarzschild (9, r) @® horizon(s)

@ unstable

O region stable
ergosphere
causality violation

> throat r = 0

ring singularity

Kerr

e’ for r<0 )
r+1, for r>0
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NUT with A

Kerr—




Ve
1 .9

observer/
event horizon telescope
Shadow of a Black Hole
The region on the celestial sphere limiting case
around an observer which is left r=0, r=20
dark if all light sources are at infinity —P (60, Y)

s
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Geometric construction

» observer: point

» only consider lightlike
geodesics

» do not consider variability
of light source(s)

» do not consider matter

Ray-Tracing
» observer: grid

» matter described by
absorption and emission

» can take into account
variability of light source(s)
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» Consider light which is
sent into the past from
the observer’s position
into the direction (6, V)

observer/
telescope

€1 light ray A
Y *d
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» Consider light which is
sent into the past from
the observer’s position
into the direction (6, V)

observer/
telescope

» Tangent of a light ray
A = rO, + 90y + pO, + 1o
A =o0(— e +sinfcosPe
+sinBsin e, + cos Oes)

€1 light ray A
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observ
telescc

“ T A |
() \ ' \4 S
N —
_ /> v, b Wi 2
W ithL,/E, K/E* one gets

\ sinf & sinY
\

light ray A

y v
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/ observ

telescc

esiorro = ~
| Yl
/'/< = T 0 » With L,/ E, K/E? one gets

/

projection

\\\ SN & sint

» The Shadow is viewed via
light ray A stereographic projection
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CELESTIAL COORDINATES OF THE BOUNDARY OF THE SHADOW

2 2 __
r —I_Z aLE ro observer

- Le+acos® ¥ + 2Lcos ¥
VAsKesing

R

K
with Ke=—, Lg=-—=-—2
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Kerr—rNewman—NUT with A
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MOoOVING OBSERVER
_— \

observer/
telescope

light ray A
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» Velocity: v = (vi, v, v3), v=|V]

» Tetrad for moving observer

’é’o _ Vie1t+voer+v3ez+ep
\/ 1—v2
g = (1—v3)er+vi(vaeatep)
o /1_ 2 2 D
1—v2 \/1—v1—v2

gz __ &tWwep

\/1—v22
5 (1 Vl—V2)€3-|-V3(V161-|-V262-|-60)
3 P,

\/1 vl—v2 v/ 1—v2

» Tangent of a light ray

\ = 70, + 90 + YO, + t0;
A=o0(— & + sin@ cos 1 &
+sinBsiny & + cos b &)

:
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CELESTIAL COORDINATES OF THE BOUNDARY OF THE SHADOW
MoVING OBSERVER

— a0 kl(p)(%f + kor )

where ¢, = k,,0,

MOTION IN RADIAL DIRECTION: ABERRATION FORMULA

~ Vv + cosf
cos @ =

1+ vcosH

§\
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CELESTIAL COORDINATES OF THE BOUNDARY OF THE SHADOW
MoVING OBSERVER

K30 joy V(A + ko)

kg

where ¢, = k,,0,

MOTION IN RADIAL DIRECTION: ABERRATION FORMULA

§ 0 towards BH (v>0): contraction |

ﬂtan_

tan 2 1+v D

away from BH (v < 0): expansion |
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OBSERVATION OF THE SHADOW OF SGR A*
BLACK HOLE CAM | EVENT HORIZON TELESCOPE

ap 4

¥
¥ i g

Rpm—

ARO/SMT (AZ/UA)

APEX (CHILE)

ALMA (CHILE) LMT (MExiko) PDBI (FRANKREICH) SPT (ANTARKTIS)
. g
www.eventhorizontelescope.org/array/ C/%/

RESEARCH TRA ING GROUP — 4

N Models'of Gravity IRV T . ZARM N



OBSERVATION OF THE SHADOW OF SGR A*
BLACK HOLE CAM | EVENT HORIZON TELESCOPE
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B o B T
[FALCKE, MELIA, '

AcoL (2000)] |

combine radio télescopes
via computers (VLBI)

Simulations: Ray-Traéing

2000 times more detailed
than Hubble
Simulations with
interstellar scattering
accretion disc/torus
jets
finite telesc. resolution
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© Ziri Younsi © Ziri Younsi

Optically Thick Optically Thin

RESEARCH TRAINING GROUP C/
Models of Gravity Z/\HM



OBSERVATION OF THE SHADOW OF SGR A*

Expected radius:
=~ 25 pas

© NASA; Luc Viatour

1.3 mm 0.87 mm
CARMA — SMT 300 uas 200 uas

Hawaii — SMT 58 pas 39 upas

Hawaii — ALMA 28 pas 19 pas

PdBI — SPT 23 pas 15 pas

www.eventhorizontelescope.org/technology/building_a_larger_array.html
C%/
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Analytic formula for Plebanski—Demianski

the boundary curve of spacetime, C-metric
the shadow Recover parameters of
Extr. rot. Black Hole: black hole from the
distorted shadow shape of the shadow?
Observable: only shape Influences of variability
of shadow, no axes of light on the shadow
: =
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Analytic formula for Plebanski—Demianski

the boundary curve of spacetime, C-metric
the shadow Recover parameters of
Extr. rot. Black Hole: black hole from the
distorted shadow shape of the shadow?
Observable: only shape Influences of variability
of shadow, no axes of light on the shadow
THANK You!
v
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