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A Golden Era of Transient Astrophysics: 
Multi-wavelength

One set：36 telescopes and 9 mounts 



A Golden Era of Transient Astrophysics: 
Multi-messenger
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232 Hadronic Processes

Table
6.1 Elemental
par-
ti-
cles

Particle 1st generation 2nd generation 3rd generation Q/|e|

Quarks u(ū) (up) c(c̄) (charm) t(t̄) (top) + 2
3 [−

2
3 ]

(anti-quarks) d(d̄) (down) s(s̄) (strange) b(b̄) (bottom) − 1
3 [+

1
3 ]

Leptons e[e+] µ[µ+] τ [τ+] −1[+1]
(anti-leptons) νe[ν̄e] νµ[ν̄µ] ντ [ν̄τ ] 0[0]

In the leptonic world, electrons/muons/taus are negatively charged. They interact
with positively charged baryons and make atoms and molecules. Each has an anti-
particle that are positively charged. Another type of leptons are neutrinos with six
different species (νe/ν̄e, νµ/ν̄µ, ντ/ν̄τ ). They are generated in weak interactions to
conserve lepton number. For example, in the β-decay interaction n → p+ e+ ν̄e, a
neutron (Q = 0) decays to a proton (Q = +1) and an electron (Q = −1), so that
electric charge is conserved. However, generating one electron makes the leptonic
number +1. One needs to generate another lepton ν̄e with lepton number -1 to
conserve the lepton number.

6.1.3 Boson mediators & fundamental interactions

There are four fundamental interactions in nature: strong interaction, electromag-
netic interaction, weak interaction, and gravitational interaction. The relative strengths
of the four interactions are

Strong : EM : Weak : Gravity = 1 : 10−2 : (10−13 − 10−7) : 10−39.

Notice that the weak interaction strength is energy dependent, and varies in a wide
range.
Bosons carry an integer spin (0 or whole numbers), and follow the Bose-Einstein

statistics. At least for strong, EM and weak interactions, the interactions can be
understood as exchanging of Boson mediators. A well known example is that EM in-
teractions are processes of exchanging photons. Weak interactions are well described
by baryons of all kinds exchanging W± or Z0 bosons, while strong interactions can
be described by color charges exchanging gauge boson mediators called gluons.
Gravity is still not well described by a gauge theory. If it does, the gravitational
interaction may be understood as mass “charges” exchanging an imaginary boson
called graviton.
Mass is the effective “charge” of gravitational interaction. The origin of the

masses of fundamental particles is mysterious. According to the standard model
of particle physics, there is another elementary Boson particle called Higgs, which
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A Violent Universe
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Status of the field

Gamma-rays 

Levan et al. (2014)

Optical 

Credit: PTF



Z>10 GRBs

Status	of	the	field

X-ray band (Credit: Weimin Yuan)



Theorists’ perspectives

Credit: PTF
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Observer’s perspectives

Credit: PTF

???
SVOM, EP 
GWAC …



Scientific Conclusions 
(on subjects discussed at this meeting)

• Gamma-ray bursts (V. Connaughton): 
• Located in a wide redshift range, good cosmic probes 
• Two broad types of progenitor systems, but explicit progenitors remain elusive 
• Afterglow generally understood, but prompt emission mechanism remains 

debated  
• Gravitational waves (T. Li): 

• Finally detected! 
• The strongest sources are predominantly BH-BH mergers 
• Relatively large BHs 

• Neutrinos (J. Vandenbrouke): 
• Astrophysical high-energy neutrinos discovered  
• Origin unknown but likely not from bright GRBs  

• Fast radio bursts (E. Petroff): 
• Astrophysical origin 
• One repeating, at cosmological distance



Scientific Questions: 
I. Gamma-ray bursts

• Are short GRBs produced by NS-NS mergers or NS-
BH mergers (the Gehrels’ question) or something 
else? 

• Can both BHs and magnetars make GRBs? 
• Can we identify more progenitor systems for long 

GRBs (e.g. UL-GRBs, LL-GRBs …) (D. Gotz) 

• What’s the composition of GRB jets (fireball vs. 
Poynting flux)? 

• What’s the energy dissipation mechanism (shock vs. 
magnetic reconnection)? 

• What’s the radiation mechanism of GRB 
(synchrotron vs. thermal Comptonization)?



GRB	Emission	Models

central      photosphere       internal                            external shocks 
engine                                                                          (reverse)      (forward)

?

Uncertainties	in	GRB	Prompt	Emission:	
What	is	the	jet	composition	(baryonic	vs.	Poynting	flux)?	
Where	is	(are)	the	dissipation	radius	(radii)?	–	three	possible	locations	
How	is	the	radiation	generated	(synchrotron,	Compton	scattering,	thermal)?



SVOM-led GRB observation campaign

• ECLAIRS/GRM: detailed 
prompt emission physics 

• MXT/VT: detailed afterglow 
physics 

• GWAC: prompt and even prior 
emission from GRBs 

• POLAR/HXMT (S. N. Zhang): 
complementary information 

• Multi-wavelength / multi-
messenger observational 
campaign

Talks by Cordier, Wei, Daigne, Bajat, Schanne, Xin, Klotz,  
Corre, Han, Wang, O’Brien, Goldwurm, Buswitz …



Scientific Questions: 
II. Gravitational waves & EM counterparts

• Where are BH-NS and NS-NS mergers? 
• Are BH-NS and NS-NS mergers 

associated with bright EM counterparts (N. 
Tanvir, J. Osborne, D. Xu)? 

• Can BH-BH mergers make detectable EM 
counterparts (B. Zhang)? 

• Can we finally learn the equation of state 
of nuclear matter (neutron / quark stars) 
from GW observations?



Observational hints of a possible supra-massive / 
stable NS as the merger product (I)

Figure by Norbert Wex. See http://www3.mpifr-bonn.mpg.de/staff/pfreire/NS_masses.html



Supra-massive and stable NSs/QSs

A. Li et al. (2016, PRD, 94, 083010, arXiv:1606.02934)

Example EoSs: 

NS: BSK20 
QS: CDDM1



A multi-messenger approach to 
constrain NS/QS equation-of-state

Rowlinson et al. (2010)

GRB 090515

• GW signal: NS-NS system 
parameters (mass of the 
merger product); ring-down 
phase carries info of EoS. 

• EM signal: brightness of 
the X-ray emission, 
collapse time – infer initial 
period, magnetic field, 
ellipticity, etc.; kilo-/merger-
nova signal - infer ejected 
mass 

• Putting everything together: 
constrain NS/QS EoS!



Scientific Questions: 
III. Neutrinos

• What source(s) produce astrophysical high-
energy neutrinos? 

• Do various high-energy transients (GRBs, 
compact star mergers, AGN flares, even FRBs) 
produce high-energy neutrinos (J. Vandenbrouke)? 

• What is the connection between the neutrino 
data and the observations of gamma-ray 
background and ultra-high-energy cosmic rays? 

• What physics do we learn from the detection/
non-detection of neutrino from astrophysical 
sources?



Non-detection of neutrinos by Icecube

• IceCube did not detect 
neutrinos from GRBs 
yet, upper limit 3 times 
lower than the most 
optimistic predictions 
(Waxman & Bahcall)

IceCube results



Solar neutrino problem

• Early searches for solar 
neutrinos failed to find the 
predicted number (about 
1/3 of predicted) 

• Debate: 
– Astrophysics wrong? 
– Physics wrong? 

• It turns out that neutrinos 
oscillate – physics was 
wrong Homestake Solar 

Neutrino 
Observatory

Super Kamiokande



A GRB neutrino problem?

• Icecube did not detect high 
energy neutrinos from 
GRBs as expected from the 
theories 

• A similar question arises: 
– Astrophysics wrong? 
– Physics wrong? 

• This time, very likely 
astrophysics is wrong! 

GRB models invoke a lot more 
uncertainties than solar models.

IceCube results



GRB	Emission	Models

central      photosphere       internal shock       ICMART external shocks 
engine                                                                             (reverse)      (forward)



Non-detection of neutrinos constrains GRB 
prompt emission models

Zhang & Kumar (2013)

511 High energy neutrinos from GRBs
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The IceCube Collaboration
Benchmark Model
Ghirlanda relation
Lv relation
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!Fig. 12.4 The PeV neutrino spectra of GRBs. Top left: The 2012 IceCube upper limit compared
against early model predictions (Abbasi et al., 2012); Top right: The 2012 IceCube
upper limit confronted with numerical results of the internal shock model (He et al.,
2012); Middle left: Model-dependent PeV neutrino flux (Zhang and Kumar, 2013);
Middle right: Constraints on the parameter space with the non-detection of neutrinos
from GRB 130427A (Gao et al., 2013d). Lower: The constraints on the internal shock
(left), photosphere (middle), and ICMART (right) models using six-year IceCube
data. Here fp = 1/fγ/p. From Aartsen et al. (2016).

The IceCube collaboration (Aartsen et al., 2015, 2016) applied progressively strin-
gent non-detection upper limits to constrain the parameter space of the three models
discussed in Zhang and Kumar (2013). The six-year limit by Aartsen et al. (2016)
rules out both the photosphere model and the internal shock model for the nominal

IceCube collaboration (2016)



Scientific Questions: 
IV. Fast radio bursts

• Do all FRBs repeat (E. Petroff)?  
• Are there bright counterparts associated 

with FRBs (D. Turpin, C. Gouiffe)? 
• Are there more than one mechanism to 

produce FRBs? What are the progenitor 
systems of FRBs (Z. G. Dai, Y.-W. Yu)? 

• Can FRBs serve as unique cosmic probes 
(S. Xu, Y.-P. Yang)?



FRBs vs. GRBs

GRBs FRBs

Step one: Are they 
astrophysical?

1967 – 1973 2007 – 2015 

Step two: Where are 
they (distance)?

1973 – 1997 – 2004  
(Afterglow counterpart, 
host galaxy)

2016 
(Persistent radio 
source, host galaxy)

Step three: What make 
them?

1998 – ??? 
(SN Ic, GW?)

??? 
(AGN? GRB? 
magnetar-powered 
nebula?)

Observationally driven 
Healthy dialog between observers and theorists



Multiple progenitor systems?

GRBs

Repeating/nearby Catastrophic/cosmological

SGRs

LGRBs SGRBs

Core collapse Compact star merger

FRBs
Repeating 
Cosmological!

Catastrophic? 
Cosmological?

repeater

Sub-classes??

Known observationally-defined transients have multiple progenitors (SNe & GRBs)

Following discussion not limited to repeating models



Is FRB121102 representative?
2

2. FRB REPEATING DURATION AND FLUX
RATIOS

The present rational are that: (1) it is possible all
FRB repeat, but current radio telescope is not sensitive
enough to weaker pulses; (2) they repeat much longer
duration (large duty cycle) and current follow-up obser-
vation are not good enough. Here we test these rational
using the published the FRB repeating duration (�t)
and peak flux ratios (Si/Si+1).

2.1. FRB repeating duration �t

1. Repeating FRB : The first bursts of FRB 121102 was
discovered in the PALFA survey at 1.4 GHz. Later an
extensive follow-up observation using Arecibo resulted in
detection of 11 bursts. An additional six burst from this
source were detected: five from Green Bank telescope at
2.0 GHz and one at 1.4 GHz with the Arecibo Observa-
tory for a total of 17 bursts from this source. Currently
we have observed ⇠ 140 bursts from this source [pri-
vate communication]. Bursts from this source are very
irregular and clustered in time (non-Poissionian distri-
bution) (Scholz et al. 2016). The total telescope time
spent on FRB121102 is over 70 hours. Of 17 bursts, six
bursts were found with in 10 min of observing period
and additional four were detected in 20-min observing
window (Scholz et al. 2016). Here the total observing
time is spread over telescopes with di↵erent sensitivity
and these observation were done on di↵erent radio fre-
quencies. The duration �t for FRB121102 are calculate
as the time between detection bursts i and i + 1. Table
1 presents the total time between two consecutive bursts
and also shown in Figure 1.
2. Non-repeating FRBs: FRBs are being extensively

followed up on short and long timescales, no Parkes or
GBT detected FRB, despite dozens of hours of follow-
up observations. Table 1 and Figure 1 shows published
total hours spent on each FRB positions. The duration
�t are calculated as the time from detection of the bursts
to total follow-up hours.
Hundred hours of telescope time is being spent check-

ing for repeat bursts, at least for some FRBs. Non-
detection argues against the nature of non-repeating
FRBs to be similar to the repeating FRB 121102. We
have seen that bursts from FRBs are clustered in time.
If all FRBs are similar to repeating FRB given hun-
dred hours of short and long observation duration, we
should have already detected repeat bursts from the FRB
sources. this indicates that FRB 121102 is a special case.

2.2. Flux Ratios

Estimating flux ratios will tell us ratio of strong and
weak pulses generated from the FRBs. Chances of de-
tecting a weaker pulse following a strong pulse and visa-
versa.
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Figure 1. Figure 1 shows the plot �t - Si/Si+1 distribu-
tion of both repeating and non-repeating FRBs.

1. Repeating FRB: The peak flux and pulse widths
for each burst from FRB 121102 are very di↵erent. Flux
ratios are calculated as Si/Si+1, where Si is the peak flux
and Si+1 the next burst peak flux. Figure 1 presents the
flux ratios for bursts from FRB 121102 that are detected
at 1.4 GHz.
2. Non-Repeating FRB : The peak flux density of non-

repeating FRBs are a order of magnitude larger than
the repeating FRB. Flux ratios are calculated as Si/Sbg,
where Sbg is the background flux. Comparing the Flux
ratios of the repeating and non-repeating FRBs (Figure
1), if we assume all the FRBs are similar to the repeat-
ing FRB 121102 then the chances of detecting a dimmer
pulse following a strong pulse (and visa-versa) are quite
high. However, despite several hours of observation, no
repeating bursts have being detected, this indicates FRB
121102 is special FRB.

2.3. Comparing FRBs detected by Parkes and Arecibo

One might argue that, all FRB repeat and Parkes ra-
dio telescope is not sensitive enough to weaker pulses.
Comparing the telescope sensitivity Arecibo is more sen-
sitive than Parkes radio telescope. The peak flux den-
sity width (for pulse widths ranging from 1.28 � 8.192
ms using signal to noise ratio of 7.0) of Parkes are in
the range 0.2 � 0.079 Jy. Out of 12 repeat bursts from
FRB 121102 at 1.4 GHz, two bursts (bursts number 7
and bursts no 11) are above the Parkes S/N cuto↵ limit.
Both bursts 7 and 11 were original detected by Arecibo
with in 10 min observation window. Hence, if Parkes ra-
dio telescope was observing this FRB would have easily
detected these two bursts with in 10 min into the obser-
vation. Figure 2 shows the �t and flux ratio distribution
of all the FRBs that are detected by Parkes at 1.4 GHz,
including two bursts from FRB 121102 that would have
been detected by Parkes if they performed follow-up ob-
servation similar to Arecibo. Yet again, it indicates that
not all FRBs repeat and if they repeat, Parkes should

3

have already seen the bursts from FRBs given hundred
hours telescope time is already spent on the follow-up
observation.

2.4. FRB 110220 and FRB 140514

FRB 110220 and FRB 140514 were detected from the
Parkes Radio telescope pointing location with in 9 ar-
cmin apart both with in the same 14.4 arcmin Parkes
beam Petro↵ et al. (2015). FRB 140514 was detected
during the follow-up observation of FRB 110220. The
DM of FRB 140514 and FRB 110220 were found to be
567.7(6) pccm�3 and 944.38(5) pccm�3 respectively. Ini-
tially due to di↵erence in DM by over 380 pc cm�3 the
bursts were consider to be separate sources. However,
recent work have hypothesized that two FRBs are from
the same supernova remnant that provides the evolution
of DM as the ejecta expands and becomes more di↵used
Piro & Burke-Spolaor (2017). Detection of third bursts
would help constraint this hypotheses

Table 1. The table list the total
hours observed for each FRB.
Here we have listed only the ini-
tial published follow-up hours.
Currently, hundred hours of
follow-up observation are been
done at least for some FRBs,
which are yet to publised.

FRB Name Total hours Reference

(yymmdd) (hours)

FRB110220 1.75 [1,2]

FRB110626 11.25 [1,2]

FRB110703 10.1 [1,2]

FRB120127 5.5 [1,2]

FRB090625 33.65 [1,3]

FRB121002 10.25 [1,3]

FRB130626 9.5 [1,3]

FRB130628 9.0 [1,3]

FRB130729 10 [1,3]

FRB140514 19.2 [4]

FRB010125bs* - [5]

FRB010621 15.5 [6,11]

FRB010724 40 [7]

FRB131104rv* 78 [8]

FRB150418 13.0 [9]

FRB150807 215 [10]

Note—[1]Petro↵ et al. (2015); [2]Thornton
et al. (2013) [3] Champion et al. (2016)
[4] Petro↵ et al. (2015) [5] Burke-Spolaor
& Bannister (2014) [6] Keane et al. (2012)
[7]Lorimer et al. (2007) [8] Ravi et al. (2015)
[9] Keane et al. (2016) [10]Ravi et al. (2016)
[11] Bannister & Madsen (2014)
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Figure 2. Figure shows the �t and flux ratio distribu-
tion of all the FRBs that are detected by Parkes at 1.4
GHz, including two bursts from FRB 121102 that would
have been detected by Parkes if they performed follow-up
observation similar to Arecibo.

Based on this hypothesis, we have assumed that FRB
110220 and FRB 140514 are from same source and es-
timated the �t and flux ratios (Figure 1 and 2). The
FRB140514 were detected with in few minutes of follow
up observation. The flux ratios are comparable to that
of the repeating FRB 121102. Hence, it is possible that
this source is similar to repeating FRB 121102. However,
this hypothesis can be confirmed if we detect more bursts

Table 2. Table list bursts detected at Arecibo
at 1.4 GHz from FRB 121102. Column gives
the bursts number, column 2 gives the receive
and telescope names, column 3 gives the peak
flux density for each bursts, column 4 gives the
time between the burst i and i + 1, column 5
gives the flux ratio and column 6 gives the ref-
erences.

Burst Telescope/ Peak Flux �t Flux Ratio Reference

Number Receiver Jy (hours) Si/Si+1

1 AO/ALFA 0.04 3.25 1.33 [1,2]

2 AO/ALFA 0.03 0.142 1.00 [2,3]

3 AO/ALFA 0.03 0.401 0.75 [2,3]

4 AO/ALFA 0.04 0.16 2.00 [2,3]

5 AO/ALFA 0.02 0.116 2.00 [2,3]

6 AO/ALFA 0.02 0.006 0.142 [2,3]

7 AO/ALFA 0.14 0.016 2.80 [2,3]

8 AO/ALFA 0.05 0.052 1.00 [2,3]

9 AO/ALFA 0.05 0.047 1.00 [2,3]

10 AO/ALFA 0.05 0.016 0.16 [2,3]

11 AO/ALFA 0.31 7.66 10.33 [2,3]

12 AO/L-WIDE 0.03 N/A N/A [2,3]

Note—[1] Spitler et al. (2014); [2] Spitler et al. (2016); [3] Scholz et al.
(2016)

Palaniswamy & Zhang (2017)

More data are needed!



Multi-wavelength / multi-messenger 
Observations of FRBs

• Follow-up observations 
• Temporal coincidence observations with 

wide field detectors (gamma-ray, X-ray, 
optical, GW, neutrino detectors) 

• Archival searches on prior emission of any 
kind



Transient Astrophysics in the SVOM era

LIGO/Virgo

IceCube/ANTARES

CTA/LHASSO JWST
LSST

EP

SVOM
CHIME

Entering the era of wide-field interferometers
and BIG telescopes

FAST

SKA

TMT/GMT

SVOM meeting in absentia, QianNan Guizhou province,               April 2017                        Valerie Connaughton

Neil’s vision of the future from the GRB meeting in Huntsville, October 2016

‣ Opening presentation from Neil.  I co-organized two of the Huntsville series 
GRB meetings with Neil and remember most his enthusiasm for 
communication and sharing science in conferences and workshops.  He 
would certainly be here with you in QianNan!
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Historical “Red Army” Long March in Guizhou



SVOM’s happy “Long March” towards 2021


