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Part I: Detecting WIMP Annihilation and ALP Polarization Oscillation with EHT 
Observation • Searching for the signal of WIMP annihilation in the shadow of M87*.[JHEP(2022)] • Detecting the ALP induced polarization oscillation with the observations of  Sagittarius 

A*. [JCAP(2021)] 

Part II: Searching for ULDM and WIMP Spike with S-star Kinematics Observed by Keck/
VLT • Constraining properties of ULDM with Keck Observations of S2’s Orbit. [PRD(2022)] • Exploring WIMP-spike distribution around GC with S-stars.  

          [MNRAS(2024)] 

Part III: Rapidly Growing PBHs seeded the massive Galaxies in high-redshift Observations. 
[SCPMA(2024)] 

Part IV: Exploring DM distribution with nanohertz stochastic gravitational wave 
background. [PDU(2025)]

Motivation:  
when a strong gravitational field is present around an SMBH, dark matter with 
gravitational interactions can congregate and create an environment that is far 
more dense than it would be in other regions.
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Observational Evidences of Dark Matter in Astronomy/Cosmology



“Classical” Dark Matter Candidates and Their Observational Effect

(a) Light dark matter exists in 
the form of waves, and is 
expected to form structures 
such as soliton core, super-
radiance around SMBH.  
(b) It may affect polarization 
observations, orbit kinematics, 
atomic spectrum and so on.

(a) The numerical simulation does 
not take into account the strong 
gravitation induced by SMBH in 
small scales, which will accrete dark 
matter particles to form ‘spikes’.  
(b) The dense WIMPs annihilate into 

 and generate synchrotron 
radiation, and modulate spectrum 
energy distribution(SED).

e+e−

(a) The distribution of primordial 
black holes that formed in the early 
universe is different from that of 
produced by astrophysical processes.  
(b) JWST high redshift galaxy 
observations and gravitational wave 
observations provide a new way to 
study PBH.



Part I: Detecting WIMP Annihilation and ALP 
Polarization Oscillation with EHT Observation

• Searching for the Signal of WIMP Annihilation in the Shadow of M87* 
A. The Distribution of WIMP Around SMBH 
B. Propagation and Radiation of Electron Around SMBH  
C. M87* Limitation for Different WIMP Annihilation Channels 

• Detecting the ALP induced polarization oscillation with the observations of  
Sagittarius A* 

D. Axion/ALP Birefringence Effect 
E. Soliton Core+NFW Dark Matter Profile  
F. Data Analysis and Results





EHTC+2019 EHTC+2022

Milestone Results of Event Horizon Telescope

We could estimate their mass, distance, magnetic field, temperature,  
flux, polarization, size…..



Roberto Aloisio etc, Neutralino annihilation at the galactic center revisited, JCAP(2004). 
Marco Regis, Piero Ullio, Multi-wavelength signals of dark matter annihilation at the Galactic center, PRD(2008).

WIMP-induced electron/positron  synchrotron radiation around SMBH:(e+e−)

source function come from WIMP annihilation

Project1—Propagation and Radiation of Electron Around SMBH

injection term

spatial diffusion

advection current and energy gain  
due to the adiabatic compression

radiative losses

Then, we have the solution of the  propagation equation around SMBH:e+e−



Paolo Gondolo, Joseph Silk, Dark Matter annihilation at the galactic center, PRL(1999) 
Thomas Lacroix, etc,  Unique probe of dark matter in the core of M87 with EHT, PRD(2017)

Due to the balance of WIMP accretion  
and annihilation around SMBH, we 
have the WIMP ‘spike’ distribution:

The Distribution of WIMP Around SMBH

pinj(R1)
pinj(R2)

n(r, p)

As the plasma flow onto the central BH, 
there are two competitive physical 
processes take place:  
(a) the particles’ momentum loss due to 
radiative processes;  
(b) the particles gain energy in the adiabatic 
compression.



The synchrotron emissivity annihilated from WIMP per unit frequency at  by an electron 
of energy  present in a magnetic field  is

ν
Ee B

Flux Predicted by WIMP Annihilation

Flux predicted by WIMP annihilation around M87*
Spectra of synchrotron emission

Psyn(ν, Ee, B, θ) =
3e3B sin θ

mec2

ν
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me
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M87* Limitation for Different WIMP Annihilation Channels

dark blue contour(30G) 
light blue contour(1G)

Guan-Wen Yuan, et al, Constraints on Dark Matter Annihilation from the Event Horizon Telescope Observations of M87*, JHEP 
04(2022) 018, [arXiv: 2106.05901]
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Project2—Axion/ALP Birefringence Effect

The axion or axion-like particle (ALP) field can interact with the electromagnetic 
field and give rise to a rotation effect on the photon polarization, which is called 
the birefringence effect. The relevant Lagrangian terms include

w± = k 1 ±
gaγ( ·a + k̂ ⋅ ∇a)

k
≈ k ± 1

2
gaγ∂0a

Δϕ =
1
2 ∫

tobs

temit

(w+ − w−) dt =
1
2

gaγ ∫
tobs

temit

∂0adt =
1
2

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

The dispersion relation of EoM induce two polarization states propagate:

The difference between the frequencies of the two polarization components 
is translated into the change of the polarization angle for a linearly polarized 
emission:

Where the  and  are the ALP amplitude in observation 
and emission points, respectively.

a(tobs, xobs) a(temit, xemit)



Soliton Core+NFW Dark Matter Profile

Hsi-Yu Schive, et al, Nature Physics,  2014, 10(7) :496-499 
Hsi-Yu Schive, et al, Physical Review Letters, 113, 261302 (2014)
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Data Analysis

with ϕ(t) = Δϕ(t) + ϕbkgThe least   fittingχ2

M.Johnson, et al, Science,2015, 350(6265):1242-1245

Polarization Data from M.Johnson et al. Fig 3 and Fig.S8

According to  the axion typical oscillation period , we 

could get the  experimental sensitivity mass range .

T =
2π
ma

≃ 4 × 103(
10−18eV

ma
)sec

(2.9 ∼ 29.2) × 10−19eV



Results

Guan-Wen Yuan, et al, Testing the ALP-photon coupling with polarization measurements of Sagittarius A*, JCAP 03(2021)018, [arXiv:2008.13662] 
Yifan Chen, et al, Stringent axion constraints with Event Horizon Telescope polarimetric measurements of M87*, Nat.Astro. 6(2022)5,592-598, 
[arXiv:2105.04572]

Illustration of the IPOLE simulation of polarized 
emission from a Kerr black hole surrounded by an 
axion cloud.



Part II: Searching for ULDM and WIMP Spike with  
S-star Kinematics Observed by Keck/VLT

• Constraining properties of ULDM with Keck Observations of S2’s Orbit 
A. The Black Hole-Scalar Field System 
B. ULDM Interacting with SM and Frequency Shift 
C. Constraints on ULDM 

• Exploring WIMP-spike distribution around GC with S-stars 
A. Dark Matter Spike Around SMBH 
B. Joint Analysis with S-stars’ Orbit Measurements 
C. Constraint on gNFW/Einasto Spike Distribution



VLT/Keck Observatory Monitoring the Stellar Orbits around GC



VLT/Keck Observatory Monitoring the Stellar Orbits around GC



Tuan Do, et al, Science (2019)



Project3—Ultralight Scalar Dark Matter around SMBH

Spheroidal harmonics function:

Radial function:

Solution with Legendre and generalized Laguerre polynomials:

GRAVITY Collaboration, Scalar field effects on the orbit of S2 star, MNRAS(2019)

With

(2)

(3)

(4)

Specific mode will grow more efficiently due to the super radiance 
mechanism:

(n = 0,l = m = 1)

Solving the Klein-Gordon equation at the Kerr metric:

(1)



Ultralight Scalar Dark Matter around SMBH

The mass coupling in Scalar field- 
Black hole system:

(5)

(6)

(7)

(8)

(9)

ζ =
rg

λC
= μsM∙ ∼ 𝒪(10−3)

 and  hence τI ∼ ζ−9 τR ∼ ζ−1, τR ≪ τI



Frequency Shift Induced by SM-DM Interaction

Higgs portal interaction:

The Higgs vacuum expectation value:

Energy shift and radial velocity: 

Photon portal interaction:

The fine structure constant:



(5)

 are the velocity and radius at time  :vp, rp tp

Orbital Model and Initial Conditions
Stellar orbit around SMBH is unstable, the orbital parameters have a drift by strong 
gravitation. Considering GR, the orbit dynamics of star is determined by integrating 
the post-Newtonian EoM.



Case I: the SMBH + scalar field

Case II: the SMBH + scalar field  
              + astrophysical background

Scalar Filed Mass Model

Mass distribution of scalar field:

Astrophysical background around Galactic 
center credited by GRAVITY A&A(2020)





Priors and Fitting Results of All Parameters



45 astrometric measurements (1995-2018) and 115 radial velocity measurements (2000-2018) from Keck.

Orbit Fitting and Results

Guan-Wen Yuan, et al, Constraining ultralight bosonic dark matter with Keck observations of S2’s orbit and kinematics, Phys.Rev.D 
106 (2022) 10, 103024, [arXiv: 2205.04970]



Project4—DM spike is formed along with the growth of SMBH



Direct Constraint on the DM spike



Result1: Constraint the generalized NFW spike profile with S2



Results II. Other Cases

(1) The upper limits on the spike radius  between  S2 only and the four S-stars are negligible. 
(2) We estimate the GRAVITY constraining power for the gNFW/Einasto spike. 
(3) We also consider the effect of dark matter annihilation, and find that the surviving NFW spike infer the 

95% lower limit of 

Rsp

⟨σv⟩ ≳ 7.7 × 10−27cm3s−1 × (mDM/100GeV)(10Gyr/τBH)
Zhao-Qiang Shen, Guan-Wen Yuan, et al, Exploring dark matter spike distribution around the Galactic centre with stellar orbits, 
Mon.Not.Roy.Astron.Soc. 527 (2024) 3196, [arXiv:2303.09284].



Fermionic Dark Matter@ICRANet

e.g 
Argüelles, Carlos Raúl, et al. "Novel constraints on fermionic dark matter from galactic observables I: The Milky 
Way." Physics of the Dark Universe 21 (2018): 82-89. 
Argüelles, Carlos Raúl, et al. "Novel constraints on fermionic dark matter from galactic observables II: Galaxy scaling 
relations." Physics of the Dark Universe 24 (2019): 100278.



Part III: Rapidly Growing PBHs as Seeds of the  
Massive High-Redshift JWST Galaxies 

• Bondi Accretion of PBHs 
• PBH Mass Functions 
• JWST Observations and Hierarchical Bayesian Inference



Direct
collapse

Runaway and 
hierarchical 
mergers

First star 
remnants

Primordial black holes

Cosmic string loops

The Challenge of SMBH Formation processes

Marta Volonteri, Melanie Habouzit, and Monica Colpi, the origins of massive black holes, Nature Review Physics.(2022)



MBH = α + β log(M⋆ /M0) + ϵlog(1 + z)The empirical relationship between the galaxy mass  and its central  is  M⋆ MBH

JWST observed a large 
number of high-redshift 
galaxies, prompting us to 
question how such 
massive and numerous 
galaxies (and their central 
massive black holes) 
could have formed just 
~500 Myr after the Big 
Bang.



Project5—Bondi Accretion of Naked/DM Clothing PBHs

Bondi-Hoyle mass accretion rate:

The accretion parameter  takes into account the effects of the Hubble expansion, the gas 
viscosity, and the coupling of the CMB radiation to the gas through Compton scattering.

λ

[1]Massimo Ricotti, Bondi accretion in the early universe, ApJ(2007) 
[2]Katherine J. Mack, Jeremiah P. Ostriker, Growth of structure seeded by primordial black holes, ApJ(2007) 
[3]Massimo Ricotti, Katherine J. Mack, Jeremiah P. Ostriker, Effect of primordial black holes on the cosmic microwave background 
and cosmological parameter estimates, ApJ(2008). 
[4] Yacine Ali-Haimoud, Marc Kamionkowski, Cosmic microwave background limits on accreting PBHs, PRD(2017).

Dark halo around each PBH as , is a dominant DM 
component. While direct accretion of DM is negligible for 
PBH evolution, the effect of this DM clothing is to enhance 
the gas accretion rate, acting in this way as a catalyst.

ρ ∼ rα



[1]Valenti Bosch-Ramon, Nicola Bellomo, Mechanical feedback effects on primordial black hole accretion , A&A(2020) 
[2]Valenti Bosch-Ramon, 3D hydrodynamical simulations of the impact of mechanical feedback on accretion in supersonic stellar-mass black hole, A&A(2022)

Mechanical Feedback in Accretion



 RelationM⋆ − MBH

we take the best-fit intercept for early-type galaxies,  and α = 7.89 ± 0.09,β = 1.33 ± 0.12
ϵ = 0.2

An empirical relationship between  and the galaxy mass  is  MBH M⋆

MBH = α + βlog(M⋆/M0) + ϵlog(1 + z)

Jenny E. Greene, Jay Strader and Luis C. Ho, Intermediate-Mass Black Holes, Ann. Rev. Astro. Astrophys.(2020)



Exploring PBH Mass Distribution with JWST Observations

The Bondi accretion will affect the mass distribution of PBHs with redshift, and the evolution of  
an initial PBH’s mass function  at formation redshift  is governed by:ψ(M, zi) zi

To distinguish various forms of theoretically predicted PBH mass functions, we consider the 
following typical PBH mass functions that arise in PBH formation models,

Where  is the step function, and the  and  are parameters in these 
distributions. For the Multipeak model, we use two normalized Gaussian distribution with 
the same width in our analysis, as the evolution of .

Θ(M − Mc) Mc, Mcn σ

δ(M − Mcn)



Hierarchical Bayesian Inference
We use the masses of high-redshift galaxies observed by JWST to constrain the hyper-parameters 

 of each initial PBH mass function though hierarchical Bayesian inference. For a series of   
independent observations, the posterior distribution for  is given by
λ N

λ

•   is the likelihood of the JWST data given a galaxy’s properties  (mass and redshift). 
• the distribution of  satisfies ; 
•   is the mass distribution of galaxies, which is calculated from the initial PBH mass function; • the galaxies are assumed distributing uniformly in the co-moving frame of the Universe; • we assign Uniform priors  for all of the hyper-parameters.

ℒ(di ∣ θi) θi
θi ppop(θi ∣ λ) = p(m)p(z)

p(z)

π(λ)

According to Jeffreys’ scale criterion, a Bayes factor larger than  or  
would imply a strong, very strong, or decisive Bayesian evidence. 
We also calculate the Akaike information criterion (AIC) to compare models with different numbers 
of parameters. The AIC penalizes models with more parameters, and a difference of  of 2 or 
more indicates strong evidence against the model with the higher AIC value.

(10,101.5,102) (e2.30, e3.45, e4.61)

ΔAIC



The posterior population distribution of PBH models
The presence of some  PBHs act as seeds for early galaxies formation with mass of 

 at , hence  accounting for the JWST observations. 
We find the observations of JWST could distinguish the various PBH mass functions, and the 
Lognormal model with the  is strongly preferred over other hypotheses. 
Our analysis also highlights the importance of statistical analysis in making conclusion about 
the PBHs population and their implications for early cosmology.

∼ 500M⊙
∼ 107 − 1010M⊙ z ∼ 8

Mc ∼ 750M⊙

Guan-Wen Yuan, et al, Rapidly growthing primordial black holes as seeds of the massive high-redshift JWST Galaxies, Sci.China 
Phys.Mech.Astron. 67 (2024) 10, 109512, [arXiv: 2306.17143].



Part IV: Exploring DM distribution with  
stochastic gravitational wave background



A New Milestone in GW Astronomy@2023

[NANOGrav: 2306.16213] [EPTA: 2306.16214]

[PPTA: 2306.16215] [CPTA: 2306.16216]

NANOGrav 15yr > 3.5σ EPTA DR2 > 3σ

PPTA DR3~2σ CPTA DR1~4.6σ



Orbital Evolution of SMBH Binary

Lose energy and angular momentum

Time

Sarah Burke-Spolaor et al, The 
astrophysics of nanohertz gravitational 
wave, The Astronomy and Astrophysics 
Review(2019).





Project6—Dark Matter Surrounding SMBHB enhance SGWB

Braadly Kavanagh,  et al, PRD(2020)

dEgw

dfr
=

2π2c3

G
d2

M f 2 ⟨ h̃+( f )
2

+ h̃×( f )
2⟩

Ωs

=
π

3G
(Gℳ)5/3

(π fr)1/3

dEgw/dt

dEgw/dt + dEdf /dtΩgw( f ) ≡
1
ρc

dρgw( f )
d ln f

=
π
4

f 2h2
c ( f )
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Dark Matter Surrounding SMBHB enhance SGWB

Zhao-Qiang Shen, Guan-Wen Yuan*, et al, Dark Matter Spike surrounding Supermassive Black Holes Binary and the nanohertz Stochastic 
Gravaitational Wave Background, Phys.Dark Univ. 48 (2025), [arXiv: 2306.17143].

h2
c ( f ) =

4G
π fc2 ∭ dzdMtotdμ

d2n
dzdℳ

dEgw( f; Mtot, μ, z)
dfr

d2n
dz d lg ℳ

= ·n0 ( ℳ
107M⊙ )

−α

e−ℳ/ℳ*e−z/z0 × (1 + z)βz
dtR
dz

Five popular model 
parameters 

, and 
dark matter spike model 

 .

{ ·n0, ℳ*, z0, α, βz}

γsp



Future: The Evolution of Massive Black Hole Binaries 

Bound Cusp Erosion

Slingshot of Unbound Stars

Gravitational Wave Emission

[1] Alberto Sesana, Self consistent model for the evolution of eccentric massive black hole binaries in stellar environments: implications 
for gravitational wave observations, ApJ(2010) 
[2] Luke Kelley, Laura Blecha, Lars Hernquist, Massive black hole binary mergers in dynamical galactic environments, MNRAS(2017)



Summary
Combine two important things

Observations involved  SMBH— 
EHT/GRAVITY(Keck)/JWST/PTA

Dark Matter Detection— 
WIMP/ALP/ULDM/PBH

Searching for the possible signals of DM 
candidates in the observations of SMBH

Muti-messenger era 
BH Physics 
Formation&Evolution

Annihilation 
Oscillation 
Accretion 
Density

Analyze the phenomenological behavior of different DM 
candidates in SMBH observations by Statistical Analysis

+

Our findings can not only shed light on the role that dark matter played in the 
formation and evolution of SMBH, but they can also offer fresh physical 
motivation of future multi-messenger observations of SMBH.

Thanks for Your Attention！


