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Supermassive black hole image as a probe of ultralight particles

• Superradiance mechanism

(∇μ ∇μ − μ2) ϕ = 0 ϕ(t, r, θ, φ) = e−iωt+imφRnlm(r)Slm(θ)
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• Spin evolution

• Radiative transfer
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Supermassive black hole image as a probe of ultralight particles
SMBH mass: 106M⊙ to 1010M⊙

Boson mass: 10−20eV to 10−16eVBH spin energy  boson cloud⟶

V(a) = μ2 f 2
a (1 − cos [a /fa])

ℒint = gaγaFμνF̃μν /2

Δχ = gaγ [a (tobs, xobs) − a (temit, xemit)]
⃗E Δχ

c ≡ 2πgaγ fa



Introduction to dilaton

• Scalar partner to the graviton in string theories

• Dynamical dark energy & dark matter & inflation

• Cosmological evolution and oscillating variations of fundamental constants
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Evolution of the gravitational constant  or the vacuum energy G(t) Λ
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ℒ = −
1
4

f(ϕ)FμνFμν − eAμJμ
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Geometric approximation

f(ϕ) = 1 − gϕγϕ
∂ρ
∂t

+ ∇ ⋅ ⃗J = 0

• In flat spacetime

: plasma effectsJμ ⃗J = iω2
p /ω ⃗E ω2

p = nee2/me

e : electron

ρ = ene

∇2 ⃗E −
∂2 ⃗E
∂t2

= g2
ϕγ(1 − gϕγϕ)−2( ∂ϕ

∂t
∇ϕ × ⃗B − ( ∂ϕ

∂t )
2

⃗E + ∇ϕ ⋅ (∇ϕ ⋅ ⃗E ))
+gϕγ(1 − gϕγϕ)−1(∇

∂ϕ
∂t

× ⃗B −
∂2ϕ
∂t2

⃗E + ⃗E × (∇ × ∇ϕ) + ( ⃗E ⋅ ∇)∇ϕ)
+(1 − gϕγϕ)−1( ∂ ⃗J

∂t
+ ∇ρ) + gϕγ(1 − gϕγϕ)−2( ∂ϕ

∂t
⃗J + ρ∇ϕ)

+gϕγ(1 − gϕγϕ)−1((∇ϕ ⋅ ∇) ⃗E −
∂ϕ
∂t

∂ ⃗E
∂t ) .

  Plasma frequency
=Effective mass of photons

Protons mass , 
making their collective 
dynamics negligible.

mp ≫ me
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Geometric approximation

⃗E = ⃗E 0eiS, ⃗B = ⃗B 0eiS

• Assumption:

(ω, ⃗k) = (∂tS, ∇S)

Only consider  ?λ ≪ l : the characteristic variation scale of ,  and l ϕ ne gμν

A. Non-relativistic dilaton field ϕ

kϕ ∼ |∇ϕ | /ϕ ≪ 1/rg

λ ≪ k−1
ϕ , rg

B. Plasma

ne(r) ∝ (r /rg)
h

J. Frank, A. R. King, and D. Raine, “Accret ion power in astrophysics”, Cambridge university press, 2002

ke ∼ ∇ne /ne ∼ 1/re λ ≪ k−1
e

Photon wavelength

μ2 = ω2 + k2
ϕ

rg = GM



−Ejkμkμ = ω2
p Ej(1 − gϕγϕ)−1

Geometric approximation

ℋ = ⃗k2 − ω2 + ω2
p(1 − gϕγϕ)−1

• Including gμν
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+

1
2

gρσ ∂
∂xρ (ω2

p(1 − gϕγϕ)−1) = 0

Modify the effective mass of photons
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next order :∼ iEikμ∂μϕ
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Ray tracing

(r, θ, ϕ)

X

Y

ZO
(X, Y, Z )

x = ro sin θo + Z sin θo − Y cos θo,
y = X,
z = ro cos θo + Z cos θo + Y sin θo,

For a given point in the image space: (X, Y, Z )

r = x2 + y2 + z2

θ = arccos
z
r

ϕ = arctan
y
x

 BL coordinate of 
black hole
(r, θ, ϕ)

·r = ·Z cos θ cos θo − p0 sin θ sin θo cos ϕ

·θ =
·Z
r [sin θo cos θ cos ϕ − sin θ cos θo]

·ϕ = −
·Z

r sin θ
sin θo sin ϕ

·t = β + β2 + γ, β ≡ −
gti

·xi

gtt
, γ ≡ −

gij
·xi ·xj

gtt

Y

BH spin : ⃗a

θo
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Ray tracing

• Formation of photon ring: Iobs(X, Y ) = ∑
m

g(r)4I(r)
r=rm(X,Y )
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S. E. Gral la, D. E. Holz, and R. M. Wald, “Black hole shadows, photon r ings, and lensing r ings”, Phys. Rev. D 100, 024018 (2019)



Ray tracing
• Plasma effects:

 for RIAF modelh = 1.5

: photon frequencyp0
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Plasma effects cause the photon ring to shrink.

a = 0.99

θo = π /2
ω2

p =
k2

0

(r/rg)h



Dilaton Effects
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ϕ(t, r) = ϕmaxe−iωt+imφℛ211(r)sin(θ)

ℛ211(r) ≡ R211(r)/R211 (rmax)

Time

a = 0.99θo = π /2

p0 /k0 = 0.6

A = 1.3

Parameters: 
                    

A ≡ gϕγϕmax
α = μrg

The photon ring 
oscillates with a 
period T/rg = 2π /α

For ( ) 
and , 

M87⋆ 6.5 × 109M⊙
α = 0.1 T = 23 days



δϕ ≡ XR − XL

ϵϕ ≡ XR + XL
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Dilaton Effects

Transverse shift

Overall size changing

• Influence of dilaton mass
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Dilaton Effects

Δv ∼ ∫L
D(t(λ))dλ

Photon velocity modification 
caused by dilaton:

 dilaton oscillation∝ cos(μt)

: photon path affected by 
the dilaton field
L

L ∼ O(10)rg

If ,  will be averaged out.T ≪ L Δv

As  (or , dilaton
Mass) increases, the 
amplitude of the 
photon ring decreases.

α μ

fix R(r)
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Dilaton Effects

Quasi-static limit: 
α → 0 (T ≫ L)

ϕ(t = const, ⃗r )

ti
L



Introduction Geometric approximation Ray tracing Results

Dilaton Effects

• Influence of A and p0/k0

: photon frequencyp0

A ≡ gϕγϕmax

ω2
p =

k2
0

(r/rg)h



d
rg

= 3 3 (1 − δp − δϕ) δϕ ≡ 3−h−1 k 2
0

ω2
0

gϕγϕ̄

k2
0 =

e2L

2ηmempr2
g
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Detectability

• By applying the quasi-static limit, 
an upper bound on the dilaton 
effects can be obtained.

• For spherically symmetric accretion 
of a perfect fluid without pressure：

 for  at ne ∼ 107cm−3 M87⋆ 3rg

• The energy density of ：ϕ

Mcloud = 10 % MSMBH

ρ̄ ∼
Mcloud

(4π /3)λ3
c

 is confined within a sphere with 
radius .
ρ(r)

∼ λc

ϕ̄ ∼ 1025eV for α ∼ 0.01

ω2
p =

k2
0

(r /rg)h

ω2
p = nee2 /me
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Detectability

gϕγϕ̄ = 𝒪(1)(
δϕ

0.01 ) ( η
10−4 ) ( λ0

1cm )
−2

( L
106L⊙ )

−1

( M
4 × 106M⊙ )

2

For , angular resolution ro = 8.3kpc δβ = 10−3μas

Currently: δβ = λ /D ≈ 20μas
D = 1.3 × 104km, λ = 1.3mm
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M. Fi lzinger et al. ,  “ Improved Limits on the Coupling of Ultral ight Bosonic Dark Matter to Photons from Optical Atomic Clock Comparisons”, PRL 130, 253001 (2023)
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Summary

• A superradiant dilaton cloud can induce periodic variations in the black hole photon 
ring, with a period .T = 2π/μ

• An increase in  leads to a reduction in the oscillation amplitude of the photon 
ring. (Wash-out effects)

α = μrg

• In the case of , achieving an angular resolution better than μas is 
necessary to surpass the constraints set by ground-based atomic clock experiments.

SgrA⋆ 10−3


