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Ø Pulsar timing arrays (PTA)

Ø Ultralight bosonic dark matter searches

Ø Cosmological first-order phase transition 
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Pulsar timing array (PTA)
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Ø Proposed for nHz GW detection (binary SMBHs, stochastic bkg)
Ø PPTA, EPTA, NANOGrav, IPTA, ... 
Ø Can also be used for many other sciences (DM, PBH, small 

bodies)
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Ø A common power-law process 
was revealed by 12.5 yr 
NANOGrav data

Ø However, the HD correlation 
from GW is not significant
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Ø A similar common power-law excess was shown by PPTA data
Ø No strong evidence to support or against the HD correlation
Ø Possible caveat of “common” nature: may not be truly common
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Ø Confirmed by EPTA and IPTA analyses
Ø Again, NO strong evidence to support or 

against the HD correlation



Part 1: search for ultralight dark matter
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Dark matter should be cold, but not that cold
Courtesy ITC @ University of Zurich
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Small-scale problems of cold dark matter
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cusp-core problem

de Blok et al. (2001)

missing satellites

Bullock (2010)

too big 
to fail

Boylan-Kolchin 
et al. (2012)

Ø Some may not be real problems 
(e.g., new dwarf galaxies from 
DES and other surveys)

Ø Baryon effect
Ø Dark matter properties (warm, 

self-interaction, ...)



Ø Ultralight, bosonic dark matter can form Bose-Einstein 
condensation and serve as cold DM

Ø Ultralight DM (~10-22 eV) appear like a coherent wave with 
wavelength comparable to a dwarf galaxy, which may solve 
the cusp-core problem of cold DM (Hu et al., 2000)
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Jeans scale: below 
which perturbation is 
stable and above which 
behaves like CDM

Ultralight (fuzzy) dark matter



Ø Due to its very small mass, it is very difficult to detect 
them with conventional particle detector

Ø Astronomical method to try to detect a cumulative 
effect of such dark matter is a possible way

Ø Astrometry observations (by Gaia) of positions of large 
number of stars

Ø Timing measurements (by PTA) of highly stable pulsars

11

Detection of ultralight (fuzzy) DM

H. Fukuda, S. Matsumoto, T. Yanagida  (2019), 
solar system body ephemeris

H.-K. Guo, Y. Ma, J. Shu, X. Xue, QY, Y. Zhao 
(2019), JCAP, arXiv:1902.05962



PPTA search for scalar fuzzy DM
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1810.03227

Perturbation on the gravitational potential



Ø A hypothetical hiden-sector particle proposed as a force 
carrier similar to photon

Ø Considering a special class of dark photon which is the 
gauge boson of the U(1)B or U(1)B-L group: it would interact 
with any object with B or (B-L) number (“dark charge”)

Ø A good candidate of (fuzzy) dark matter if its mass is small

Ø The dark photon behaves like an oscillating background, 
drives displacements for particles with “dark charge”

Gauge interaction of dark photon dark matter
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Search of dark photon dark matter with 
LIGO/VIRGO
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Pierce et al., Phys. Rev. Lett., 2018, 121, 061102
Guo et al., Commun. Phys., 2019, 2,155
LIGO/VIRGO/KAGRA, arXiv:2105.13085

LIGO/VIRGO O3
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Ø Coherence length: 

Ø Coherent time: 
(mA/10-22eV) Myr

Ø Frequency: 30 
nHz×(mA/10-22eV)

Ø Within the reach of 
PTA: O(10) yrs of 
observations

Gauge interaction of dark photon dark matter
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PTA search for dark photon dark matter

Both the pulsar and the earth would oscillate in the dark 
photon background, resulting in time residuals of pulses
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Pulsar time of arrival (ToA)
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Noise and signal model
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26 pulsars over 15 years by Parkes
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Constraints on DPDM parameters

Xue et al. (PPTA), 2112.07687



Part 2: search for first-order phase transition
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FOPT in BSM

Sources of GW: bubble collisions, 
sound wave, turbulence
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NANOGrav search for FOPT
2104.13930
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PPTA search for FOPT

Ø 95% Bayesian upper limits for 
free spectrum SGWB power 

Ø Some of the FOPT models 
(red lines) can be excluded



24

PPTA search for FOPT

Assuming the common power-law excess is due to unknown noises

Xue et al. (PPTA), Phys. Rev. Lett., 2021, 127, 251303
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Assuming NO common power-law noise

Assuming the common power-law excess is due to binary SMBH

Common red process?



Ø Using the long-term (>15 years) high-precision pulsar 
timing observations by Parkes telescope, we obtain by far 
the strongest constraints on ultralight dark matter (<10-22 
eV) coupling with ordinary matter

Ø The PPTA data place effective constraints on the first-
order phase transition parameters with temperature 1-100 
MeV and duration (β/H*)-1~0.01-0.1

Summary
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Thanks for your attention!


