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My collaborators on cosmic ray and dark matter;  Other eight on GW and GRB



• Direct detection of cosmic rays by DAMPE

• Indirect detection of dark matter particles

• Signature of gravitational wave radiation in the

X-ray afterglow of sGRB?

• Kilonovae associated with GRB 050709, GRB

060614 and GRB 070809

Outline
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Cosmic rays and fundamental physics

• Cosmic ray was

discovered by V. Hess

and his colleagues in

~1912

• Cosmic rays played a

remarkable role in

studying high energy

physics before 1950s

(discovering positron,

muon, kaon and pion)

• Cosmic rays may reveal

the nature of dark

matter
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Cosmic ray detection

• Indirect detection:

from a few tens of 

GeV up to >100EeV 

by ground-based 

large detectors

• Direct detection:

up to 1 PeV by 

balloon-borne or 

satellite-borne 

detectors



Plastic Scintillator Detector 

(PSD)

Silicon-Tungsten Tracker 

(STK)

BGO Calorimeter

(BGO)

Neutron Detector

(NUD)

- Charge measurement (dE/dx  in PSD, STK and BGO)

- Pair production and tracking (STK and BGO)

- Precise energy measurement (BGO bars)

- Hadron rejection (BGO and NUD)
6

Dark matter particle Explorer (DAMPE)

On 2015/Dec/17 



Spectral hardening: recent breakthrough 
Previous standard assumption: E-2.75

CALET collaboration (2019 PRL)  and the results reported since 2008:

Spectral hardening at 300-400 GV. Implications: nearby source, or multi kinds of sources,

or new acceleration model, or new diffusion model?



CREAM-I+III & NUCLEON: hints for a 

new structure at ~10TV

Yoon et al. (2017 ApJ)                                                     Atkin et al. (2018 JETP Lett.)

Some hints for a spectral softening at ~10TV. Just the statistical uncertainties of the

CREAM and NUCLEON data are shown in the plots.
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 Confirms the hundreds 

GeV hardening

 Detecting a softening at 

~13 TeV with high 

significance, suggesting a 

new spectral structure 

before the so-called knee

Proton spectrum by DAMPE

DAMPE collaboration 

(2019 Sci. Adv.) 



(DAMPE collaboration. 2017, Nature 552, 63-66)
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 Three different 

PID methods give 

very consistent 

results on event-

by-event level

 Direct detection of 

a spectral break at 

~1 TeV with 6.6

confidence level

 Analysis with new 

data is on-going

530 days of data

2.8 billion events

1.5 million e+e- (>25 GeV)

DAMPE e+ + e- spectrum



(CALET collaboration. 2018 PRL; AMS-02 collaboration 2019 PRL)
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AMS-02 and CALET e+ + e- spectrum



Summary: cosmic ray measurements 
by DAMPE

A TeV spectral break in the e-+e+ spectrum has

been directly measured

The spectral hardening of protons at about 400

GeV has been confirmed

A new spectral structure at ~10TeV displays in

the proton data

More results will be published soon



• Direct detection of cosmic rays by DAMPE

• Indirect detection of dark matter particles

• Signature of gravitational wave radiation in the

short GRB afterglow?

• Kilonovae associated with GRB 050709, GRB

060614 and GRB 070809

Outline
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Dark matter particle candidates
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http://www.hep.shef.ac.uk/research/dm/images/rotationCurve.jpg

Some widely-discussed DM particle candidates: WIMPs (~100 GeV), axion (ALPs)

and sterile neutrinos.



Dark matter: detection methods
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http://www.hep.shef.ac.uk/research/dm/images/rotationCurve.jpg

Collider searches:  DM  mass

Direct detection:    DM mass and interaction cross section with nucleus 

Indirect detection: DM mass and the annihilation cross section or lifetime



Dark matter indirect detection
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Dark matter particles may annihilate and then generate pairs of

particles and anti-particles (gamma-rays, electrons/positrons, proton

and antiprotons)，see e.g., Bergström & Snellman (1988).

The goal of DM indirect detection: Identifying such products



Onging experiments in space
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Fermi-LAT                                              CALET                                             DAMPE

Magnetic spectrometer experiments

Calorimeter experiments

PAMELA                                               AMS-02



DM indirect Detection: objects

Measurement technique objects Notes

Magnetic spectrometer positron

antiproton

electron

particle/antiparticle separation,

complex detector/expensive,

small acceptance, rigidities ≤ 1 TV

Calorimeter electron+positron

γ-ray

simpler detector/cheaper, much larger

acceptance and wider energy range

DM signal in anti-particles: low background

γ-rays: directly trace the source

e++e-: high statistics                    

e+/(e++e-)~10%



γ line

DM indirect detection: attractive signals 

19

 GeV-TeV γ-ray line

 Continual γ-ray emission spatially correlated with the DM distribution

 Sharp cutoff in positron spectrum, excess in antiproton spectrum

 Electrons+positrons with “unusual” spectrum

DM generated γ-rays in the 

Galaxy (Predicted)  

Background: disk-like 

(observed)  

Huang et al. (2017)



DM γ-ray signal: ~130 GeV line?
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Fermi-LAT collaboration (arXiv:1506.00013)Bringmann, Huang et al. (arXiv:1203.1312)



DM γ-ray signal: ~43 GeV line?
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Liang, Y. F. et al. (2016 PRD): analysis of 16 nearby galaxy clusters 



DM γ-ray signal: galactic GeV excess?
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The Galactic GeV excess is

consistent with the dark

matter model both spatially

and spectrally. But the GC

is very complicated in γ-

rays!



DM signal in AMS-02 antiprotons?
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Cui, Yuan, Tsai & Fan (2017 PRL)：
 Parameters of the propagation, source injection, and solar modulation of cosmic rays are

inferred from the modeling of recent B/C ratio and proton spectrum measurements

 The antiproton data at GeV energies can not be well reproduced and the inclusion of a dark

matter component significantly improves the fit



DM signal in AMS-02 antiprotons?
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Cui et al. (2017 PRL; see also Cuoco et al. 2017 PRL;

Cui et al. 2018 JCAP; Cuoco et al. 2019 PRD; Cholis, Linden & Hooper 2019 PRD):

Dark matter with a rest mass of ~50-100 GeV?



WIMP: Multi-messenger signals?
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Zhou, B. et al. (2015) 
and many others

Cui, M. Y. et al. (2017) 
and some others

Cui et al. (2017)：
annihilation of ~50-100 GeV 

DM particles into b\bar{b}!

Galactic GeV γ-ray excess 

GeV antiproton excess 



The future
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Ground based telescopes (under construction):

Proposed space telescopes:

CTA LHAASO

AMEGO

(MeV-GeV; 

~1000 cm2)

HERD (0.1TeV-1PeV)



The future
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Very Large Area gamma-ray Space

Telescope (VLAST): the second

generation of DAMPE aiming to

catch DM in gamma-rays

Competition with the ground-based γ-ray telescopes: a <100

GeV “window” for space telescopes?



Summary: DM indirect detection
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 There is no conclusive evidence yet

 Some hints in cosmic rays and γ-rays (in particular the

Galactic GeV excess and possible antiproton excess)

 For sub-TeV dark matter, a space mission more powerful

than Fermi-LAT may be needed and we are proposing

VLAST



• Direct detection of cosmic rays by DAMPE

• Indirect detection of dark matter particles

• Signature of gravitational wave radiation in the

short GRB afterglow?

• Kilonovae associated with GRB 050709, GRB

060614 and GRB 070809

Outline
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(Produce short Gamma-ray Bursts!
Eichler et al. 1989 Nature;
Abbott et al. 2017 PRL;

Goldstein et al. 2017 ApJL)

Neutron star mergers and

the “prompt” signals



Supramassive NSs: plausible remnants of mergers of 

Galactic NS-NS binaries   

 MTOV、Mtot and mass ejection、angular momentum

（2019）

31



Supramassive NS: Possible evidence？

Extended X-ray emission or flares: The prompt energy dissipation of the magnetar wind?

See Metzger et al. (2008) and Zhang (2013) for further investigation

Barthelmy et al. 2005

X-ray flat segment:

Energy injection

into the blast wave

from a magnetar?
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X-ray plateau followed by a sudden drop:

Prompt energy dissipation of the magnetar wind?

The termination of the X-ray emission because of

the collapse of magnetar?

Supramassive NS: Possible evidence?

In about half of the short GRBs!
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The inferred initial rotation periods  

Some inferred periods are quite long, while

the SMNSs formed in the mergers should

rotate with P0<1ms, as demonstrated in

both numerical simulations and analytical

calculation
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(Fan, Wu & Wei 2013 PRD)

Signature of gravitational wave radiation in 

the X-ray afterglow lightcurve?

If the supramassive NS model is correct:

35



(Fan, Wu & Wei 2013 PRD)

Signature of gravitational wave radiation in 

the X-ray afterglow lightcurve?

The observed “shortened” duration of the X-ray plateau can be accounted for if the 

ellipticity~0.01(P0/1ms)2, possibly contributed by ~1E17 Gauss interior magnetic field. 

The GW frequency is ~2/(P0/1s)>2000 Hz.
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(Fan et al. 2013 ApJL: the case of GRB 130603B/“first” kilonova)

Signature of gravitational wave radiation in 

the short GRB data?

1. The early X-ray flat segment:

energy injection from a magnetar (?)

2. The afterglow modeling gives

E<2E51 erg (Fong et al. 2013) and

the kilonova kinetic energy is ~1E51

erg (Berger et al. 2013; Tanvir et al.

2013): << rotational energy ~1E53

erg of the magnetar formed in

merger!

3. Plausibly the “missing energy”

had been taken away by GW!
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Prospect of forming SMNS in NS mergers: 

clue from GW170817/GRB170817A/AT2017gfo
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Prospect of forming SMNS in NS mergers: 

clue from GW170817/GRB170817A/AT2017gfo
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Prospect of forming SMNS in NS mergers: 

clue from GW170817/GRB170817A/AT2017gfo

Shao et al. 2019 submitted

Cautions: Rotation prolife

may be too simplified

(initially the core rotated

slower than the outer

material); The temperature

effect is not included.
40



Summary: magnetar model and GW radiation

 There is the growing interest in the supramassive NS

model for the peculiar X-ray afterglow of some short GRBs

 If correct, the rotational kinetic energy of the NS should be

~1E53 erg, while the observed/inferred energies are much

smaller

 This could be the evidence for the dominant energy loss

via gravitational wave radiation (in both prompt magnetic

wind dissipation model and energy injection model)
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• Direct detection of cosmic rays by DAMPE

• Indirect detection of dark matter particles

• Signature of gravitational wave radiation in the

short GRB afterglow?

• Kilonovae/macronovae associated with GRB

050709, GRB 060614 and GRB 070809

Outline
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Tanvir et al. 2013 Nature Berger et al. 2013 ApJL

GRB130603B：the first credible kilonova 

One H-band excess and 1 simultaneous r-band upper limit
43



Kouveliotou et al. 1993

LGRBs

(SNe)
SGRBs

(SN less)

GRB 060614

GRB 060614: a long burst at z=0.125

Gehrels et al. 2006 Nature 

There is a second component which is weak and soft. But the first hard spike is still

longer than 5 seconds.
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Fynbo et al. 2006 Nature    Della Valle et al. 2006 Nature       Gal-Yam et al. 2006 Nature

Two origin models: peculiar collapsar without bright SN vs. neutron star 

merger! Nicknamed as a long-short GRB or a hybrid GRB.

1.5m Danish Telescope         ESO VLT (8.2m 6 hours)                      HST (10 hours)

GRB 060614: plentiful data
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First kilonova/macronova

signal from long-short/hybrid 

GRBs

Total ejecta mass ~ 0.1 M⊙

dominated by heavy elements, 

may be from a NS-BH binary 

merger?

(Yang et al. 2015, Nat. Commun.)

GRB060614: kilonova signal?
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GRB060614：first lightcurves of kilonova?

(Jin, Li & Cano et al. 2015 ApJL): 

fit the afterglow decline with the data of t \leq 3 days
47



GRB 060614: first measurement of the (late 

time) temperature of kilonova?
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Jin et al. 2015 ApJL:  at t>3.8 days 

the emergence of a soft component 

GW 170817

late temperature ~2500K

(Drout et al. 2017 Science)

GRB 060614

temperature ~2700K@13.6days

A late time temperature of 

~2500 K suggests the 

production of Lanthanides!
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GRB 060614 & AT2017gfo vs. SNe

Jin et al. 2016 EPJWC               Smartt et al. 2017 Nature          Arcavi et al. 2017 Nature

Jin et al. 2016 EPJWC (OMEG 2015)                        Smartt et al. 2017 Nature
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GRB 050709：first sGRB with optical afterglow

Villasenor et al. 2005                                               Hjorth et al. 2005

Covino et al 2006                                                           Fox et al. 2005

HETE 2                                                Danish 1.5m

VLT                                                           HST
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GRB 050709: new detection in the re-analysis

The I-band observation at t=2.5 days yields a

detection rather than an upper limit

The VLT I/R/V SED@t=2.5days is quite

strange, likely line-like

Jin et al. 2016 Nat. Commun.
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GRB050709: kilonova signal

Jin et al. 2016 Nat. Commun.
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GRB 050709: first line-like signal of kilonova?

VLT SED @ 2.5 days: unique so far

Jin et al. 2016 Tanaka et al. 2017

An early time kilonova SED found in the 

numerical simulation.
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GRB-kilonova connection

 A statistical study of the

sGRB/macronova

connection suggests that

the macronovae may be

ubiquitous

 The non-identification of

the signal in most events is

likely due to the lack of

enough data
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GRB 160821B: evidence for kilonova in Aug. 2017

Jin et al. (2018; a comparison to AT2017gfo added later); 

see Troja et al. (2019) and Lamb et al. (2019) for new evidence with more data

(HST proposal ID: 14237, PI: Nial Tanvir)

We searched for the kilonova

signal well before the data

release of AT2017gfo.

The HST measurement data

at t∼3.6 days after the trigger

can be interpreted as the

superposition of a power-law

afterglow component and a

thermal-like component at the

temperature of ∼ 3000 K

(https://arxiv.org/pdf/1708.070

08v1.pdf).

55



GRB 070809: limited but useful data 

Keck R 0.5 day                            Keck R 1.5 days                 HST F606W 731 days

G1: z=0.218, offset 5.9 seconds (Perley 2008)

G2: z=0.473, offset 6.0 seconds (Berger 2010)

GRB site: m(F606W)>28.0 AB mag; Limited optical data without 

serious attention until this year
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GRB 070809: the kilonova signal 

Jin et al. (2019 Nat. Astron.):

GRB 070809 has the hardest

X-ray spectrum and the

softest optical spectrum.

The thermal-like optical

emission is well in excess of

the extrapolation of the X-ray

spectrum!

AT2017gfo, GRB 070809,

GRB 160821B and possibly

GRB 061201 likely form a

kilonova group.
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Jin et al. 2019

Statistical properties of kilonovae
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Summary: kilonova candidates and implications

 The mysterious long-short/hybrid GRB 060614 is

intrinsically “short”

 The late-time temperatures of the macronova/kilonova

signal of GRB 060614 and AT2017gfo are ~2500 K,

supporting the production of Lanthanides

 The macronovae/kilonovae may have line-like features

(e.g., GRB 050709)

 The macronovae/kilonovae are likely ubiquitous and

hence ideal EM counterparts of most NS merger events

Thank you!
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Signature of gravitational wave radiation in 

the X-ray afterglow lightcurve?

The expected rotation period is ~1 ms!


