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Millisecond pulsar ( MSP )
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• Rotation period ~ ms, below 10 ms;           
Old neutron star ~ billion years;                 
Very small magnetic field strength.


• Very high binary fraction (>50%, white dwarf 
companion) 


• Detected in radio, X-ray, and gamma-ray


• Most accurate and stable clocks in space

J0614.1-3329 Pulse Phase (Fermi-LAT)

https://astronomy.swin.edu.au/cosmos/P/Period
https://en.wikipedia.org/wiki/Radio_pulsar
https://en.wikipedia.org/wiki/X-ray_pulsar


Pulsar Timing Array ( PTA ) 
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• An array of galactic MSPs with extremely high rotational stability are 
originally proposed to detect nanohertz gravitational waves with the Time of 
Arrival (TOA) for the MSPs pulses.

Credit: B. Saxton (NRAO/AUI/NSF)



Radio Pulsar Timing Array
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IPTA DR2 (2019)
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Red: DR1-2016 (49) 
Blue: new in DR2-2019 (16)

B. B. P. Perera et al.,arXiv:1909.04534 

(https://gitlab.com/IPTA/DR2/tree/master/release)

• 65 millisecond pulsars with high-precision timing data.

IPTA DR3  ~ 85MSP upcoming 

https://gitlab.com/IPTA/DR2/tree/master/release


CPTA DR1
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FAST  
3.5 yr  

57 MSP  

~10纳秒



NanoGrav 15yr data (NG15)
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• 68 millisecond pulsars (MSPs) observed monthly 


• Time span ~15 yr ( 2004-2020 maximum 16yr)


• Add 21 MSPs and extend 3 yr (对比 DR4-NG12.5yr)


• narrowband data set ~ 676,465 TOAs 

    wideband data set ~20,290 TOAs


• 100 m Green Bank Telescope

305 m Arecibo Observatory (until 2020) 

27 25 m antennae of the VLA (from 2015, new 6 MSPs )

 (327Mhz ~ 3Ghz)


• entirely PINT-based timing analysis (PINT_Pal)



GW - Pulsar Timing Array ( PTA ) 
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From: Shanika Galaudage



GWB - Radio PTA
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15 yr   68 MSP  ~百纳秒      GWB ~ 4.0 sigma 
EPTA + InPTA   DR2

PPTA  DR3
CPTA  DR1

24 yr   25 MSP  ~百纳秒      GWB ~ 3.3 sigma  
NANOGrav   NG15

(2023.6 一起发布)

3.5 yr  57 MSP  ~10纳秒      GWB ~ 4.6 sigma  
18 yr   32 MSP  ~百纳秒      GWB ~ 2.2 sigma  

85 MSP



GWB - Radio PTA
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引力波经过地球 - 垂直方向上符号相反（四极矩）



GWB - Gamma-ray PTA 
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Fermi-LAT PTA: New Pulsar Timing Array with the Gamma-ray observation.

The 12.5-yr observation  
of 29 MSPs

对比Radio PTA， Gamma PTA 的噪声要干净很多，
不受色散的影响，但是统计量小。

TOA ~ 25 per MSP



GWB - Gamma-ray PTA
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Fermi will reach a sensitivity comparable 
to radio PTA in 5 to 10 years. 
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TOA数据及噪声模型
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Data Model

• Likelihood analysis 


• Signal 和 noise是相对的，取决于研究目标



TOA data
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名称             射电频率               TOA               TOA误差   观测坐标  

TOA data 保存在tim文件

mock data

NANOGrav



timing model
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Timing model 记录在 Par文件  

The pulsar sky location (RAJ and DecJ) ，spin frequency 
and spin-down rate, dispersion measure, proper motion, 
parallax and (when applicable) binary orbital parameters 




Timing residual

(TOA - timing model) ~ residual ~ (noise + signal)

Refit TOA with timing model: Tempo2; PINT



Noise

• 按时间的相关性分类：

    1. uncorrelated time (white) noise ，

    2. time-correlated (red) noise
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White noise
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参数个数： 3 per puslar/re/be  


NanoGrav (15yr) 中一共是有700多个白噪声参数



Red noise

22

•  Red noise power spectra are modeled with a power law 

• 可以按 radio frequency（v） 的相关性在细分成 
1. Achromatic (spin noise).            2. chromatic ( DM noise; Scatter noise)

(spin)

主要是pulsar和星际介质ISM
导致，每个pulsar都有一组自
己的红噪声，彼此独立



Other noise
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Dip noise

Solar System Ephemeris noise 

由于视线方向上出现高密度的等离子体团,  

引入额外的noise

PSR J1603−7202 and PSR J1713+0747

The orbital periods of the giant planets range from 11.9 to 164.8yr, corresponding to frequencies of ∼0.4–2.7 nHz, 
similar to the GWB frequency range that is probed by PTAs. 




https://www.science.org/doi/10.1126/science.abm3231

对比Radio PTA， 

 优点：Gamma-
ray PTA 的噪声要
干净很多，不受色
散的影响。 

 缺点：统计量小
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Noise in Radio PTA vs Gamma-ray PTA
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ULDM: 
Axion, ALP, Dark Photon, Graviton

Sterile Neutrino

WIMP PBH

‣ Have an advantage in forecasting small-scale structures. 
(“core-cusp problem”and“missing-satellite problem” ) 

‣ Hard to detect with common particle detectors. 

Ultralight Dark Matter
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Our work on Dark matter
Ultralight Dark matter appear like a coherent wave with wavelength comparable to a 
dwarf galaxy. Both the pulsar and the earth would oscillate in the ultralight Dark matter 
background, resulting in time residuals of pulses.
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Our work on Dark matter
• Coherence length:   0.4 (m/10-22eV)-1 kpc

• Frequency: 30 nHz×(m/10-22eV) 

• Suitable for PTA observations with ~10-year timescales  

From Xue Xiao
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超轻暗光子的第五种力就会导致同样位于银河系中的地球和脉冲星发生
震荡，从而导致脉冲星电磁脉冲到达时间的周期性变化。

1. 利用PPTA数据搜寻超轻暗光子 dark photon的信号。

（和PPTA合作组合作完成，发表于PHYS. REV. R，
2022 Editors’ Suggestion）

Our work on Dark matter (1)
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PPTA DR2

Our work on Dark matter (1)

26 MSPs; 15yr 
计时精度：百纳秒
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Our work on Dark matter (1)

噪声和信号参数

疑似信号参数

在搜寻暗物质的过程中发现的疑似信号，其的频率与水星的周期相近
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对超轻暗光子（<1e-22eV）给出了国际上最强的限制结果，比目前最好的实验室探测
试验要强3个数量级。

Our work on Dark matter (1)



Our work on Dark matter (2)
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2. 利用Fermi-LAT(Gamma-ray) PTA 搜寻多种超轻暗物质粒子。

发表于PRD Letter (2023)

1.自旋为0超轻暗物质的引力效应          


2. 自旋为1超轻暗物质的引力效应


3. 超轻暗光子的第五种力效应              


4. 自旋为2超轻暗物质的修改引力效应

4种超轻暗物质的PTA可探测效应

Fermi-LAT PTA: 
• Gamma-ray 

• 12.5 yr 

• 29 MSPs


• 精度~微秒

• 1 TOA per 0.5 yr

• No DM noise



Our work on Dark matter (2)
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 The parameters of signal and noise models

‣ No significant signals of ULDM are found in the Fermi-LAT PTA.



Our work on Dark matter (2)
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限制情况
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未来 - Very Large Area gamma-ray Space Telescope (VLAST) 



新年快乐！谢谢大


