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A new observational era

Can we see a black hole from the Earth ?

Image of a thin accretion disk around a Schwarzschild BH
[Vincent, Paumard, Gourgoulhon & Perrin, CQG 28, 225011 (2011)]

Angular diameter of the
silhouette of a Schwarzschild
BH of mass M seen from a
distance d :

Θ = 6
√

3
GM

c2d
' 2.60

2RS

d

Largest black holes in the
Earth’s sky :

Sgr A* : Θ = 53 µas
M87 : Θ = 21 µas
M31 : Θ = 20 µas

Compare : HST resolution
∼ 105 µas !

Remark : black holes in
X-ray binaries are ∼ 105

times smaller (Θ ∝M/d)
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A new observational era

Reaching the µas resolution with VLBI : the EHT

Event Horizon Telescope [Doeleman et al. 2011]

Very Large Baseline
Interferometry
(VLBI) in
(sub)millimeter
waves

One of the best
result so far : VLBI
observations at
1.3 mm have shown
that the size of the
emitting region in
Sgr A* is only
37 µas
[Doeleman et al., Nature

455, 78 (2008)]
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A new observational era

VLBA and EHT observations of M87

[Kino et al., ApJ 803, 30 (2015)]
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A new observational era

Near-infrared optical interferometry : GRAVITY

[Gillessen et al. 2010]

GRAVITY instrument at
VLTI (2016)

Beam combiner (the
four 8 m telescopes +
four auxiliary telescopes)

astrometric precision on
orbits : 10 µas
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A new observational era

Near-infrared optical interferometry : GRAVITY

[MPE/GRAVITY team]

July 2015 : GRAVITY
shipped to Chile and
successfully assembled
at Paranal Observatory

Fall 2016 : observations
have started !
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Testing general relativity with black holes

Is general relativity unique ?

Yes if we assume
a 4-dimensional spacetime
gravitation only described by a metric tensor g
field equation involving only derivatives of g up to second order
diffeomorphism invariance
∇ · T = 0 (=⇒ weak equivalence principle)

The above is a consequence of Lovelock theorem (1972).

However, GR is certainly not the ultimate theory of gravitation :
it is not a quantum theory
cosmological constant / dark energy problem

GR is generally considered as a low-energy limit of a more fundamental theory :
string theory
loop quantum gravity
. . .
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Testing general relativity with black holes

Extensions of general relativity

[Berti et al., CGQ 32, 243001 (2015)]
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Testing general relativity with black holes

An example : tensor-scalar theory
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Testing general relativity with black holes

The link with CoCoNuT : first “Mariage des maillages”
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Testing general relativity with black holes

Test : are astrophysical black holes Kerr black holes ?

No-hair theorem : GR =⇒ Kerr BH
extension of GR =⇒ BH may deviate from Kerr

Observational tests
Search for

stellar orbits deviating from Kerr timelike geodesics (GRAVITY)
accretion disk spectra different from those arising in Kerr metric (X-ray
observatories, e.g. Athena)
images of the black hole silhouette different from that of a Kerr BH (EHT)

Need for a good and versatile geodesic integrator
to compute timelike geodesics (orbits) and null geodesics (ray-tracing) in any kind

of metric
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Testing general relativity with black holes

Gyoto code

Main developers : T. Paumard & F. Vincent

Integration of geodesics in
Kerr metric
Integration of geodesics in
any numerically computed
3+1 metric
Radiative transfer included
in optically thin media
Very modular code (C++)
Python interface
Free software (GPL) :
http://gyoto.obspm.fr/

[Vincent, Paumard, Gourgoulhon & Perrin, CQG 28, 225011 (2011)]

[Vincent, Gourgoulhon & Novak, CQG 29, 245005 (2012)]
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Testing general relativity with black holes

Measuring the spin from the black hole silhouette

Ray-tracing in the Kerr metric (spin parameter a)

Accretion structure around Sgr A* modelled as a ion torus, derived from the
polish doughnut class [Abramowicz, Jaroszynski & Sikora (1978)]

Radiative processes included :
thermal synchrotron,
bremsstrahlung, inverse
Compton

← Image of an ion torus
computed with Gyoto for the
inclination angle i = 80◦ :

black : a = 0.5M

red : a = 0.9M

[Straub, Vincent, Abramowicz, Gourgoulhon & Paumard, A&A 543, A83 (2012)]

Éric Gourgoulhon (LUTH) Testing GR via BH observations Valencia, 16 Dec. 2016 16 / 34

http://dx.doi.org/10.1051/0004-6361/201219209


Boson stars

Outline

1 A new observational era

2 Testing general relativity with black holes

3 Boson stars

4 Black holes with scalar hair

5 Conclusion and future prospects

Éric Gourgoulhon (LUTH) Testing GR via BH observations Valencia, 16 Dec. 2016 17 / 34



Boson stars

Boson stars

Boson star = localized configurations of a self-gravitating complex scalar field Φ
≡ “Klein-Gordon geons” [Bonazzola & Pacini (1966), Kaup (1968), Ruffini & Bonazzola (1969)]

Minimally coupled scalar field : L =
1

16π
R− 1

2

[
∇µΦ̄∇µΦ + V (|Φ|2)

]
Field equation : ∇µ∇µΦ = V ′(|Φ|2) Φ

Einstein equation : Rαβ −
1

2
Rgαβ = 8πTαβ

with Tαβ = ∇(αΦ̄∇β)Φ−
1

2

[
∇µΦ̄∇µΦ + V (|Φ|2)

]
gαβ

Examples :

free field : V (|Φ|2) =
m2

~2
|Φ|2, m : boson mass

=⇒ field equation = Klein-Gordon equation : ∇µ∇µΦ =
m2

~2
Φ

a standard self-interacting field : V (|Φ|2) =
m2

~2
|Φ|2 + λ|Φ|4
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Boson stars

Boson stars as black-hole mimickers

Boson stars can be very compact and are the less exotic alternative to black holes :
they require only a scalar field and since 2012 we know that at least one
fundamental scalar field exists in Nature : the Higgs boson !

Maximum mass

Free field : Mmax = α
~
m

= α
m2

P

m
, with α ∼ 1

Self-interacting field : Mmax ∼
(
λ

4π

)1/2
m2

P

m
× mP

m

mP =
√
~ =

√
~c/G = 2.18 10−8 kg : Planck mass

m Mmax (free field) Mmax (λ = 1)

125 GeV (Higgs) 2 109 kg 2 1026 kg

1 GeV 3 1011 kg 2M�

0.5 MeV 3 1014 kg 5 106M�
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Boson stars

Rotating boson stars

Ansatz for stationary and axisymmetric spacetimes [Schunck & Mielke (1996)] :

Φ(t, r, θ, ϕ) = Φ0(r, θ)ei(ωt+kϕ)

with Φ0(r, θ) real function, ω ∈ R and k ∈ N (regularity on the rotation axis)

Solutions :
k = 0 : static and spherically symmetric boson stars
=⇒ exterior spacetime = Schwarzschild (or close to it if Φ never vanishes)
k ≥ 1 : stationary rotating “stars” with toroidal topology
=⇒ exterior spacetime expected to be significantly different from Kerr

← Profile of Φ0(r, θ) for a free field with
k = 2

z-axis = rotation axis :
z = r cos θ, x = r sin θ cosϕ

[Yoshida & Eriguchi, PRD 56, 762 (1997)]
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Boson stars

Rotating boson stars

Solutions computed by means of Kadath [Grandclément, JCP 229, 3334 (2010)]

http://luth.obspm.fr/~luthier/grandclement/kadath.html

Isocontours of Φ0(r, θ) in the plane ϕ = 0 for ω = 0.8
m

~
:

k = 1 k = 2 k = 3

[Granclément, Somé & Gourgoulhon, PRD 90, 024068 (2014)]
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Boson stars

Zero-angular momentum orbits around rotating boson stars

` = 0 orbit around a rotating boson star
based on the scalar field
Φ = Φ0(r, θ)ei(ωt+kϕ)

with k = 2 and ω = 0.75m/~
Orbit = timelike geodesic computed by
means of Gyoto

-15 -10 -5 0 5 10 15
x  [h

_
/m]

-15

-10

-5

0

5

10

15

y 
 [
h_
/m

]

[Granclément, Somé & Gourgoulhon, PRD 90, 024068 (2014)]

No equivalent in Kerr spacetime
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Boson stars

Image of an accretion torus

Kerr BH a/M = 0.9 Boson star k = 1, ω = 0.70m/~

[Vincent, Meliani, Grandclément, Gourgoulhon & Straub, CQG 33, 105015 (2016)]
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Boson stars

Strong light bending in rotating boson star spacetimes

−50 0 50

−50

0

50

x (µas)

y
(µ

as
) ~3 

μa
s

k=1, ω=0.7

[Vincent, Meliani, Grandclément, Gourgoulhon & Straub, CQG 33, 105015 (2016)]
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Black holes with scalar hair
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Black holes with scalar hair

Herdeiro-Radu hairy black holes

Herdeiro & Radu discovery
(2014)

A black hole can have a
complex scalar hair

Stationary axisymmetric
configuration with a
self-gravitating massive complex
scalar field Φ and an event
horizon

Φ(t, r, θ, ϕ) = Φ0(r, θ)ei(ωt+kϕ)

ω = kΩH

[Herdeiro & Radu, PRL 112, 221101 (2014)]
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Black holes with scalar hair

Herdeiro-Radu hairy black holes

Configuration I :
rather Kerr-like
Configuration II :
not so Kerr-like
Configuration III :
very non-Kerr-like

µ =
m

~
=

m

m2
Pl

=M−1

m=0 : non-rotating
boson stars
m=1 : rotating boson
stars with k = 1

 0

 0.5

 1

 0.6  0.7  0.8  0.9  1

limiting KBHs

extremal KBHsSH

m=1

m=0

µM
A

D
M

w/µ

LR

LR 1

23

4
5

6

7
89

10

11

12

I

II
III

 0.4

 0.42

 0.97  0.98

 

 

I

[Cunha, Herdeiro, Radu Rúnarsson, PRL 115, 211102 (2015)]
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Black holes with scalar hair

Images of a magnetized accretion torus

Accretion torus model of [Vincent, Yan, Straub, Zdziarski & Abramowicz, A&A 574, A48 (2015)]

non-self-gravitating perfect fluid
polytropic EOS γ = 5/3

constant specific angular momentum
` = uϕ/(−ut) = 3.6M
[Abramowicz, Jaroszynski & Sikora, A&A 63, 221 (1978)]

torus inner radius rin ' 5.5M

max electron density : ne = 6.3 1012 m−3

max electron temperature : Te = 5.3 1010 K

isotropized magnetic field =⇒ synchrotron
radiation
gas-to-magnetic pressure ration β = 10

observer inclination angle : θ = 85◦
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Black holes with scalar hair

Configuration I
Gyoto-simulated images of Sgr A* at f = 250 GHz

hairy BH Kerr BH with same (M,J)
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Kerr SP configuration I

[Vincent, Gourgoulhon, Herdeiro & Radu, PRD 94, 084045 (2016)]

5% difference in photon ring size =⇒ barely observable
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HBH : no sharp edge in the intensity distribution =⇒ detectable by EHT
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Conclusion and future prospects

After a century marked by the Golden Age (1965-1975), the first astronomical
discoveries (1970-80’s) and the ubiquity of black holes in high-energy astrophysics
(1990’s - present), black hole physics is entering a new observational era, with the
advent of high-angular-resolution telescopes and gravitational wave detectors,
which provide unique opportunities to test general relativity in the strong field
regime.

We have investigated two alternatives to the Kerr black hole within general
relativity : boson stars and black holes with scalar hair. Both show distinctive
features, within the range of GRAVITY and EHT instruments.

Future prospects

Obtain rotating black hole solutions in extensions to GR, such as
Einstein-Gauss-Bonnet gravity with dilaton [Kleihaus, Kunz & Radu, PRL 106, 151104

(2011)] and Chern-Simons gravity
Compute orbits and accretion disk/torus images and compare with Kerr BH
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