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• Brief review of ultralight scalar field dark matter (SFDM)


• New cosmological probes of ultralight SFDM: 


(1) 21-cm tomography of the Cosmic Dawn (CD)  
    and the Epoch of Reionization (EoR)


(2) Inflationary stochastic gravitational-wave background (SGWB)


• Take-home message:  
Upcoming 21-cm and SGWB observations (e.g.,         and            ) 
will be powerful probes of ultralight dark matter.



Dark matter complementarity
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“Dark matter complementarity”     Bauer et al. 2015

Snowmass 2021 Cross Frontier Report on DM Complementarity, 2210.01770



Ultralight scalar field dark matter (SFDM)
• 超轻标量场暗物质；various names/types in the literature:  

Ultralight axion dark matter, fuzzy dark matter (FDM), wave dark matter,  
Bose-Einstein condensate (BEC) dark matter, …


• Commonalities: 
Non-Standard-Model spin-0 scalar boson,  
tiny mass (~ 10-22 eV), 
Effectively described by classical field/wave 
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May & Springel 2023Hui+ 2017 PRD
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Small-scale challenges to CDM:


• “missing satellite” problem; “cusp-core” 
problem; “too-big-to-fail” problem; etc.


• High-z galaxies/AGNs observed by JWST


Non-WIMP candidate for CDM:


• If CDM is correct, what is it  
(if not WIMPs)?
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Motivations for ultralight boson dark matter

Zhang+ (PandaX-4T) 2022 PRL

Boylan-Kolchin 2023 NA



• In nonrelativistic limit, SFDM is a fluid with “quantum potential”


• Can potentially resolve current small-scale  
challenges to CDM

66

Suppression of structure formation on small scales

{

Schive+ 2014 PRL

The “soliton” core

Mocz et al. 2017

Hlozek+ 2015

Jeans scale

For linear theory of complex SFDM, 

see Yang, Li* & Shapiro 2025 SCPMA,  
arXiv: 2503.16773



III. 21-cm tomography of the CD/EoR

Credit: John Wise
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• Mapping neutral hydrogen by its 21-cm signal: brightness temperature, 
polarization                        


• 21-cm power spectrum from the CD/EoR: SKA-Low, HERA, … 

Observational 21-cm cosmology
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256 antennae per station, 50-350 MHz

SKA1-Low: 512 stations, 40 m diameter SKA1-Low AA*: 307 stations 

( Li, Tan & Mao* 2021, ApJ, 2101.11543 )



Observational 21-cm cosmology
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鸿蒙计划

EDGES SARAS 3 Nature, 557 (2018)

Nature, 555 (2018)

EDGES implications

• Global (sky-averaged) 21-cm spectrum from the Dark Ages & CD/EoR
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Probing the effects of FDM on structure formation
• Seminumerical simulations of the CD/EoR with the 21cmFAST code


- Cosmology: the halo mass function (HMF) determined by 
the dark matter model, in this case, fuzzy dark matter (FDM)  


- Astrophysics: counts of ionizing photons

Liu, …, Li* & Mao 2025, PRD, arXiv: 2508.10176



• Existing efforts using excursion set formalism is inaccurate for FDM!

• Density-modulation  
ansatz:
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Halo mass function: the FDM case

May & Springer 2023

• Adopt fitting formula from full FDM simulations

Liu, …, Li* & Mao 2025, PRD, arXiv: 2508.10176



• Sensitivity of 21-cm power spectrum measurements,  
estimated by the 21cmSense code
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Forecast: detecting FDM by 21-cm power spectrum

SKA1-Low (central area)

HERA

Liu, …, Li* & Mao 2025, PRD, arXiv: 2508.10176



• Fisher matrix forecast  
for the fiducial model
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Liu, …, Li* & Mao 2025, PRD, arXiv: 2508.10176

Forecast: detecting FDM by 21-cm power spectrum



• Data model:                                        
over frequency bins in [30, 120] MHz 

• Typical foreground (FG) model:   
logarithmic polynomial fit 
based on the assumption/notion of  
smooth frequency dependence 

In the case of SARAS 3:    

• Likelihood:    

log10 Tfg =
6

∑
i=0

ai [ℛ(log10 ν)]i

ln ℒ = −
1
2 (TD − T21 − Tfg)

T
Σ−1 (TD − T21 − Tfg) + const

Global 21-cm spectrum: data analysis
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TD = T21 + Tfg + n

Liu et al. 2013

Bevins et al. 2022 NA



• Assuming FG removal is done with an optimal/unbiased estimator of FG 
(e.g., an ultralong-wavelength sky model) with residual uncertainties 

• Total estimated error:

Hybrid approach (Frequentist + Bayesian)
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fnoise =
ϵ2

0 θ2
fg

4π fsky
+

1
tint B

(Σ−1)αα
= (Teff (να) fnoise)

−1
 : effective FG temperature at Teff (να) να

  Residual FG contribution

 Instrumental noise contribution

ln ℒ = −
1
2 (TD − T21)T Σ−1 (TD − T21) + const

Liu et al. 2013

Pessimistic:  

Moderate:  

Optimistic:  

ϵ0 = 0.1
ϵ0 = 10−4

ϵ0 = 0
{



• Total estimated error: 

• Fisher matrix forecast  
w.r.t. the fiducial signal model
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fnoise =
ϵ2

0 θ2
fg

4π fsky
+

1
tint B

Pessimistic:  

Moderate:  

Optimistic:  

ϵ0 = 0.1
ϵ0 = 10−4

ϵ0 = 0
{ : angular 

resolution of  
the FG model

θfg ≃ 5∘

(Σ−1)αα
= (Teff (να) fnoise)

−1

鸿蒙白皮书，Li, Liu, Zhao, …, Zhang* 2026, SSPMA in press

tint = 1000 hrs
B = 1 MHz{

Forecast: detecting FDM by global 21-cm spectrum



II. Kination-amplified inflationary 
gravitational-wave background
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Ultralight SFDM has an early kination phase
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Joyce 1997

Energy density of the Universe dominated by Kinetic energy of a scalar field

• A special phase in the cosmic history in which

ℒ = K − V =
1
2

·ϕ2 −
1
2

m2ϕ2

⟹ ρϕ ≃
1
2

·ϕ2 ∝ a−6

wϕ = pϕ/ρϕ ≃ 1

“stiff matter”
Li* & Shapiro 2021, JCAP 
2107.12229

Belinsky, Grishchuk, Zel'dovich & Khalatnikov 1985



• Tensor modes that reenter the horizon during kination get amplified.


• Results in a blue tilt signature in the GW energy spectrum today,  ΩGW( f ) ∝ f nt+1

The “kination-amplified” primordial SGWB
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Kination amplification

Li*, Shapiro & Rindler-Daller 2017, PRD 
1611.07961 



• Model parameters: 
 




• Tensor-to-scalar ratio  
& tensor index: 


• Stiff matter:  
 

determines the kination-
radiation transition


• Assume matterlike 
reheating: 

Ωch2, Ωbh2, H0, As,
r, nt, κ10, Tre, ΔNre

r, nt

ρs ∝ a−6,
κ10 ≡ (ρs/ργ) |T=10 MeV

Tre, ΔNre

stiffGWpy: a dynamical system approach
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Li*, Meyers & Shapiro 2025, ApJ, arXiv: 2503.18937,  https://github.com/bohuarolandli/stiffGWpy
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https://github.com/bohuarolandli/stiffGWpy


• Five-parameter model: 


• Architecture: Encoder-Decoder Curve Generator


• Long Short-Term Memory (LSTM) feature extractor 
Modeling the sequentiality of points


• Training data: 25,000 samples of 



• Precision of the emulator: errors  

(SMAPE) for  test samples


• Achieves  times acceleration compared with first-principle calculations (stiffGWpy)

{r, nt, κ10, Tre, ΔNre}

{ fi , log10 ΩGW ( fi )}

≲ 3 %
≳ 90 %

≳ 104

SageNet: a neural network emulator
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Zhang, Luo, Li* et al. 2025, ApJS, arXiv: 2504.04054,  https://github.com/YifangLuo/SageNet



SageNet+: a neural network emulator
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Zhang, Luo, Li* et al. 2026, CP under review,  https://github.com/YifangLuo/SageNet

• Nine-parameter (full) model 


• Architecture: self-attention-based


• Precision of the emulator: 
errors for  test samples≲ 1 % ≳ 99.85 %

Prel
iminar

y



Application: interpreting pulsar timing data
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Xu et al. (CPTA) 2023 RAA

Agazie et al. (NANOGrav) 2023 ApJL 

Antoniadis et al. (EPTA & InPTA) 2023 A&A

Reardon et al. (PPTA) 2023 ApJL

Afzal et al. (NANOGrav) 

2023 ApJL

Opportunity for new physics!



Bimodality in the inflationary SGWB model: KA vs. no-KA
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• Mock PTA free spectra (“violins”) are constructed in consistence with the 
best-fit ones from the current measurements, NANOGrav 15yr & EPTA DR2

Li*, Meyers & Shapiro 2025, ApJ, arXiv: 2503.18937,  https://github.com/bohuarolandli/stiffGWpy

https://github.com/bohuarolandli/stiffGWpy


• The reason why the analysis of current NG15 data does not show 
the KA mode: ”prior volume effect”

Bimodality in the inflationary SGWB model: KA vs. no-KA
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Ordinary (“no-KA”) 
mode

KA mode

ℬ ≡ 𝒵no−KA/𝒵KA

Bayes factor

= 2.9 ± 1.9

Li*, Meyers & Shapiro 2025, ApJ, arXiv: 2503.18937,   
https://github.com/bohuarolandli/stiffGWpy

https://github.com/bohuarolandli/stiffGWpy


• Upcoming 21-cm and SGWB observations (e.g.,         and            ) 
will be powerful probes of ultralight dark matter. 

Summary
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Bohua Li  (李博华) 
bohuali@gxu.edu.cn

Thanks!
arXiv: 2503.16773, 2503.18937, 2504.04054, 2508.10176  
stiffGWpy: https://github.com/bohuarolandli/stiffGWpy 
SageNet: https://github.com/YifangLuo/SageNet

mailto:bohuali@gxu.edu.cn
https://github.com/bohuarolandli/stiffGWpy
https://github.com/YifangLuo/SageNet


Scientific timeline of the SKA Observatory
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