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Immanuel  Kant ҁ1724–1804҂
�The Critique of  Pure Reason� 

Preface 

Human reason, in one sphere of  its cognition, is 
called upon to consider questions, which it cannot 
decline, as they are presented by its own nature; 
  
but which it cannot answer, as they transcend every 
faculty of  the mind.
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FAST 
Guizhou, China



Arecibo 
Puerto Rico



美丽的“错误”
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Gordonғ1958 URSI meeting 
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ARPA—(Advanced Research Projects Agency)  
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William E. Gordon 
଼ॱਫ਼य़ኪৼૡᑕᔮ

May 29, 1958
Scatter from individual electrons 
=> Echo bandwidth of 100s of kHz=̾ ᵱᥝහጯᔂᕆॠᕚѺ 
Ken Bowles ҁᗦࢵࢵਹຽٵੴ҂
– bandwidth reflected ion velocities not electron velocities.
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Jet Propulsion Laboratory
California Institute of Technology 

1957.10.4

1957.12.16

January 31, 1958

1957-1958



“和平”的太空竞赛

  “This is the President of the United States 
speaking. Through the marvels of scientific 
advance, my voice is coming to you from a 
satellite circling in outer space. My message is a 
simple one. Though this unique means, I convey 
to you and all mankind, America’s wish for peace 
on earth and good will to men everywhere.”

❑ Internal conflicts of capitalism inevitably 
generate wars. 

❑ Much depends on health and vigor of our own 
society. 

❑ We must formulate and put forward for other 
nations a much more positive and constructive 
picture of sort of world we would like to see than 
we have put forward in past. 

乔治-凯南”长电报”-1946
National Aeronautics and Space Agency 
July, 1958; ᗦࢵ᭗ᬦୌᒈ“ᛯᑮᛯॠੴ”

ᛯॠᦇښARPAݻNASA “Long Telegram” 1946 

I1�2*J��+?>=�7��
�&����������3/��
�#:$HHH

1946-1958



Arecibo: 巨人的梦想

■ Construction between 1960-1963 
■ Total cost: $9.3M

Cornell faculty, William Gordon, proposed the project 
around 1958 to

       ARPA—(Advanced Research Projects Agency)  

1959 1960 1963

1963



发现 • 双中子星
ᴨᵮᥜܗ๕ᬱ᳒᯾ᑕᏧ

“We f ind that Einstein’s theory passes this 
extraordinarily stringent test with a fractional accuracy 
better than 0.4%.” 

 “It necessarily follows that gravitational radiation exists 
and has a quadrupolar nature.”

——Nobel speech by J.Taylor (1993) 

1973

1973-1993
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Five-hundred-meter Aperture Spherical radio Telescope 

FAST  

Ӯኴ๋य़ኪ๕ᬱ᳒ 
ૡ๗5ଙ҅᭜հ11.5Պ 
(Nan et al. 2011; Li et al. 2018) 

•4500 Ԇۖݍᶎ  
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Observables
70 MHzӗ3 GHz

continuous coverage

Nan, Li, Jin et al. 2011, IJMR-D, 20, 989 
 (>500 google scholar citations) 

Li & Pan, 2016, Radio Science, 51, 7 
Li et al. 2018, IEEE Microwave, Vol. 19, Issue 3

a) HI 21cm (imaging & 
galaxies) 

b) Pulsars (FRBs) 
c) Molecular Spectroscopy  
d) VLBI 
e) SETI

NO large-scale survey  has simultaneously 
observed HI and pulsar. Why?



Li et al. 2018, Invited Review  
IEEE Microwave, Vol 19, Issue 3, p112 

unprecedented commensality  
pulsar, galaxy, imaging, and FRB 
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FAST ‘big data’ stream  
pulsar: 19 x 8bit x 4 x 4k x 2x104 per second   
HI:      19 x 8bit x 4 x 1M x 2 /s 

• 6 GB/s 

• 25TB/h 

• 550TB/day 

• 10 PB/ year

Commensal  Radio  Astronomy  FAST  Survey



■ ӗ1000 new pulsars  
■ ӗ500K galaxies 
■ >10 billion voxels HI sky image 
■ >50 new FRBs



First FAST Science Results  

2017



Cameron, Li et al. 2020 ҁMNRAS҂

   First papers on systematic follow up timing of FAST pulsars

Cruces, Champion, Li et al. 2021 ҁaccepted A&A҂

Systematic Timing of CRAFTS pulsars



Fermi unidentified source 
GBT, Arecibo non-detection

A New MSP toward the Fermi-LAT unassociated source 3FGL J0318.1+0252

3FGL J0318.1+0252 
FL8Y J0318.2+0254FAST’s first Milli-Second Pulsar (MSP)

2018.2.27    1hr tracking with FAST’s UWB  
2018.4.12    Wang, P. et al. detected the signal using GZNU servers 
2018.4.18    C. Clark of the Fermi team identify the !-ray pulsar counterpart 
2018.4.23    HKU’s Pablo confirms its lack of X-ray 
2018.4.28   ATel announcementҁWang et al.  Atel#10851,̽SCPMA̾) 
2018.5.2    International pulsar timing arrayҁIPTA) distribute the ephemeris to its partners 

P = 5.2 ms

2018

Arecibo,  327 MHz�3h      
<60 µJy 
FAST,  550 MHz�1h         
~60 µJy 
FAST,  1.25 GHz�4h         
~20 µJy

√

×

×



Pulsar  searches  of  Fermi  sources  with  FAST 

• December 2017, MoU signed 
between the FAST team and 
the LAT Collaboration 

• >3033 sources in 3FGL҅
1904 have confirmed҅AGN 
(1738)҅PSR (>200)҅~1129 
unconfirmed sources      

• More than 30 targets be 
searched, 5 new pulsars/
MSPs are discovered by FAST.

  Spin period is 2.2 
m i l l i s e c o n d s , a n 
es0mated distance of 
about 4.4 kpc, and as 
poten0ally one of the 
shortest orbital period 
b inary systems (4.2 
hours).

4FGL J1627.7+3219 

FAST-Fermi•LAT MoU

�� ����������������������	
FAST-Ferm

i



FAST ᕹ
C69-DNS system ҁW.W. Zhu҂ 
• Total 44 sessions of observations span 339 days 
• 23 sessions 2019a-082-P (Chenchen Miao) 
• 15 sessions orbital campaign DDT (Weiwei Zhu) 
• 6 sessions Timing KSP ҁNina Wang҂

Fully connected timing solution using DDGR

Chenchen Miao & Weiwei Zhu

ᚆฎᇙྛᔮᕹѺݢӾৼจෆ֛ᨶᰁੜ҅ํ



http://crafts.bao.ac.cn

Confirmed new pulsars > 130, including >44  
MSPs, binaries (DNS), etc.



Feng, Y., Li, D., + 2020 (Physical Review D, 102, 023014) 
 “Supermassive Binary Black Hole Evolution can be traced by a small SKA Pulsar Timing Array” 

✦  Forcast the performance of a SKAPTA 
made up by only ~20 high quality 
MSPs; 

✦  Quantified, for the first time, how SKA 
would trace the redshift evolution 
S M B B H s u p t o z = 2 t h r o u g h 
gravitational wave observations̶ 

✦ SKAPTA expects the first detetion 
within 5 years, achieve a detection rate 
of 100/yr within 10 years, and over 
10,000 SMBBHs within 30 years. 



• First detection of magnetic field strength in dense molecular gas 
with an atomic tracer (HINSA): B = 3.8 ± 0.3 μG 

• Revealing a coherent B structure from atomic gas to diffuse 
molecular gas, to dense molecular gas. 

(Ching, Li, Heiles+ 2021 submitted to Nature 
refereeғ”strongly recommend for publication“)

Lyn  1544

HI Narrow Self—Absorption HINSA 
Li & Goldsmith (2003)

29



30

“፩፲፺ጱᚉ٫จ” 

�Nature Astronomy� 
https://dx.doi.org/10.1038/s41550-021-01360-w

https://dx.doi.org/10.1038/s41550-021-01360-w


������^�y='"���#|��=,B�°²b
9�P$¦sH«�k}G�n9��m!���
¦���
n-)~3>�8[���$|Jv�9
w<t�$¥Nc���z¬S1�`e�¯6
�p9T !

FRB 121102 对应星系 
“The most important discovery in 
astronomy since LIGO” —AAS Press 2017

The ‘Lorimer’ bursts





FRB: a Cosmic Probe

The ‘Lorimer’ bursts

     Macquart+ 2020, A census of baryons 
in the Universe from localized fast radio 
bursts, Nature 

“Macquart” relation
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Zhu,Li+ 2020 ApJL 
Niu,Li+ 2021 ApJL

Commensal  Radio  Astronomy  FAST  Survey
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(cf. Luo+ 2018,2020)

• PDF of FAST-FRB’s DM is more 
sensitive to the slope of the 
luminosity function than the cutoff 
brightness L0.  

• FAST will have significant detection 
probability (>10%) for DM > 3000 pc 
cm−3   (Also Zhang 2018)

!(", #, $) ↔ S′ (DM, Flux)

• Four events in a total of 1667 hours 
in 2018, corresponds to an all sky rate 
of 1.2x105 sky-1 day-1 at the 
95% confidence interval above 
0.0146 Jy ms, by far the deepest such 
estimate. 

• ~1 per 400 FLAN hours  (cf. Li 
2016)

S(L,z,w)↔S′(DM,Flux) 

35

CRAFTS 2018 FRBs 

FAST reveals the high 
event @ >100K per day!



Jansky VLA

Host  
Galaxy 

? 
PanSTARRS

SWIFT Subaru

FRB 
190520

Palomar

ᬄ



Blue:  CFHT GRI 
Green: CFHT R 
Red:  Subaru J

Host galaxy of FRB 190520 
a Star-forming dwarf galaxy

Host

Tsai et al. 2021  
In prep.

Analogy: NGC1140 
a dwarf irregular galaxy

NGC1140

190520 



FRB 190520:  the hipper and weirder brother of 121102

❖The highest DMhost ~ 912 pc cm-3  
❖The 2nd compact PRS confirmed to co-

locate with a FRB 
❖ Extreme Activity: ~300 bursts by 

FAST, JVLA, Parkes, GBT and VLBA in 
multiple bands. 

FAST: D. Li, C.-H. Niu, W.-F. Yu, J.M. Yao, P. Wang, Y.-K. Zhang, Y. 
Feng, B. Zhang, W.-W. Zhu, J. Cordes, S. Ocker et al.  
Effelsberg/EVN: Marilyn Cruces, Bo Zhang, Chenhui Niu et al. 
JVLA: Casey Law Wen-Fei Yu, Sarah Burke-Spolaor, et al. 
GBT: Yi Feng, Shi Dai, Ryan Lynch, Sarah Burke-Spolaor et al. 
VLBA: Wen-Fei. Yu, Casey Law, Shami Chatterjee et al.  
Parkes: Shi Dai, Yi Feng, Chen-Hui Niu. Di Li et al. 
Optical/High E: Chao-Wei Tsai, Chris Bochenek,  Yuu Niino et 
al.

Extraordinary  Properties

"this is a highly significant result and 
well worthy of publication."

Ӹ᯿؇ᐶ 
“Macquart” relation

Niu et al. 2021 



FRB 121102 Zhang+  
2019

Li et al. 2019 ATel  #13064

Credit 
Duan +FRB/SETI backend 

Duan, Werthimer & Gajjar+



“1652  pulses in 59 days!” - Li et al.  2021

FRB 121102

2021



FRB121102 Burst Energy Statistics

FAST L-band 1.25GHz flux calibration

4 x 1036 erg  < Energy <  8.0 x 1039 erg 
1σ   =  2.1 mJy (1ms) 
7σ   =  15  mJy

z=0.193҅DL=949Mpc҅1Jy ms = 1.07x 1039 erg

(Zhang 2018) 

Gourdji+ 2019JVLA, AO, GBT

Gourdji+2019

Law+ 2017

Cruces+ 2020

AO

Effelsberg

β= -0.7
β= -1.8±0.3
β= -1.2±0.2

Cumulative burst energy distribution:



E0

Li, Wang et al. 2021

LN+Lorentz

Arecibo Parkes
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获取世界最大的FRB事件集合 首次确定FRB特征能量



•The Lorentz/Cauchy function 
describe the ratio between 
two normally distributed 
variables  

•The best-fit index of 1.85 
( g e n e r a l i z e d C a u c h y 
function) is close to 2 within 
one σ ∼ 0.3

Burst Rate Energy Distribution - bimodel 
Li, Wang et al.  

Simulated ratio between 
two normally distributed 
variables  





SGR J1935+2154 / FRB 200428 - the first Galactic FRB?  

Lin et al. 2020

FAST

Flux & Fluence Upper Limits

from FAST Observation

    入选《自然》和《科
学》杂志分别评选的

2020年度世界科技十
大进展。



SGR J1935

Waiting Time (s)

121102 190520

Sibling Rivalry ?

Phase-Folding 90%  
completeness

FAST team in prep.Niu+ 2021    submittedLi+ 2021  accepted

1652 pulses
75 pulses

Number(E)
E0

E0



Normalized 
Waiting Time of 

two FRBs and 
Earthquake 

<-Poisson

<—Earthquake

³������

<-������ ->

Zhang, Li+  
in prep.



MaxApEn = max
r

− 1
N − m

N−m

∑
i=1

log
∑N−m

j=1 dist(xj, xi) < r

N − m

m+1

m

Pincus Index
Quantify the amount of 

regularity and the 
unpredictability of !uctuations 

over time-series data.

Zhang, Li+  
in prep.
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Immanuel  Kant ҁ1724–1804҂
�The Critique of  Pure Reason� 

A Copernicus revolution: reason within experience 

Definitional truth: the agreement of  cognition  
with its object 
A priori knowledge:  pulsars produces pulses, so 
do many other processes 
Synthetic posteriori judgement:  FRB origin? 



Li et al. 2021 ̽ᑀ᭗ಸ̾
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CreditғWang, Zhang & Niu  (cf. Keane 2018 “The Future of FRBs”)

FRB 190520
FAST

Reveal 
the 

Tran- 
sient 

Sky

- - - - - - - - - - - - Li et al. 2021 Nature

- - - - - - - - - - - - Niu et al. 2021 Nature submitted

- - - - - -Feng et al. 2021 Science submitted

- - - - - - - - - - - - Lin et al. 2020 Nature



Gehrels 2007

Descartes:  “I think therefore I am.”

Li et al. 2018

Kant:  “Thoughts without content are empty. 
Intuition without concept are meaningless.” 

Mach: “When the human mind, with its limited 
powers, attempts to mirror in itself  the rich life of  the 
world…it has every reason for proceeding economically. In 
reality, the law always contains less than the fact itself, 
because it does not reproduce the fact as a whole but only in 
that aspect of  it, which is important for us, the rest being 
intentionally or from necessity omitted.



 More to come …

CRAFTS the first commensal survey of pulsars, HI, and transients 
CRAFTS discovers hundreds of new pulsars and FRBs 
FRB 121102  more pulses than all other FRB publications combined  
FRB 190520  the hipper and weirder brother of 121102


