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Future: Multi-messenger Era 



Gamma-‐Ray	  Bursts	  on	  one	  slide 



GRBs & Astrophysics 

GRBs  

Galactic  
Astrophysics 

Stellar  
Astrophysics Cosmology 

- Massive star physics 
- Supernova physics 
- Compact star physics 
- BH accretion physics 
- NS physics & strong B 
- Population synthesis 
 

ISM 
Astrophysics 

- ISM density profiles 
- Chemical composition 
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- Global and local star formation rate 
- Metallicity 
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- Location within the host galaxy 

- Star formation history 
- Reionization history 
- Metal enrichment history 
- Cosmography 
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Physical	  Sketch	  of	  GRBs 

    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)? 

Progenitor 

Central 
Engine 

GRB prompt emission 

Afterglow 



Multi-Messenger Observations can address: 
Open Questions in GRB Physics 

•  Progenitors & classification (massive stars vs. compact 
stars; others? how many physically distinct types?) 

•  Central engine (black hole, magnetar?) 
•  Ejecta composition (baryonic, leptonic, magnetic?) 
•  Energy dissipation mechanism (shock vs. magnetic 

reconnection) 
•  Particle acceleration & radiation mechanisms 

(synchrotron, inverse Compton, quasi-thermal) 
•  Afterglow physics (medium interaction vs. long-term engine 

activity) 



Topic 1:  
 

Neutrinos from GRBs:  
 



“Thermal” neutrinos 
•  Core collapse (talks by Qian & Li) 
•  Neutrino dominated accretion flow (NDAF) 

–  Electron capture & neutronization 
  p+e-→n+νe 

–  β-decay: 
  n→e-+p+νe 

–  Photon pair annihilation: 
 γ γ →e-e+→ νe νe 

–  Photo neutrino: 
  γ e-→ e-νe νe 

 

  



“Non-thermal” neutrinos 

•  Protons are accelerated in 
astrophysical environment, which 
would interact with photons or other 
baryons to produce neutrinos: 
– pγ process: 
– pp/pn process: 

   



pγ 72 Hadronic Processes

6.2.2 Photomeson interaction: pγ

Photonmeson interaction is also called pγ process. The dominant channel is
through the “∆-resonance” where cross section is enhanced.

pγ → (∆+ →)

{

nπ+ → nµ+νµ → ne+νeν̄µνµ, fraction 1/3
pπ0 → pγγ, fraction 2/3.

(6.2)

The fractions going to the π+ and π0 channels are 1/3, 2/3, respectively.
The π+ typically carries ∼ 1/5 of the p energy. Each lepton shares 1/4 of
the π+ energy, which is ∼ 1/20 of the p energy.

The condition for ∆-resonance is

Ep · Eγ ∼ (0.3 GeV)2. (6.3)

At ∆-resonance, the cross section is

σpγ ≃ 5 × 10−28 cm2 ≃ 500µb. (6.4)

The unit µb is micro-barn, and the barn is defined as 1b = 10−24 cm2. So
1µb = 10−30 cm2.

6.2.3 pp/pn interactions

The pp and pn collisions can generate many kinds of intermediate mesons,
which decay to leptons and neutrinos.

pp(pn) → π±/K±... →
{

µ+νµ... → e+νeν̄µνµ...
µ−ν̄µ... → e−ν̄eνµν̄µ...

(6.5)

The mean total cross section for pp in the TeV-PeV range is

< σpp > ≃ 6 × 10−26 cm2, (6.6)

which is about 2 orders of magnitude higher than that of pγ process.

•  Interaction at Δ-resonance: 

•  “Matching” condition: 

•  Cross section: 

•  Important in intense photon field 
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The IceCube Collaboration recently reported a stringent upper limit on the high energy neutrino flux

from gamma-ray bursts (GRBs), which provides a meaningful constraint on the standard internal shock

model. Recent broadband electromagnetic observations of GRBs also challenge the internal shock

paradigm for GRBs, and some competing models for !-ray prompt emission have been proposed. We

describe a general scheme for calculating the GRB neutrino flux, and compare the predicted neutrino flux

levels for different models. We point out that the current neutrino flux upper limit starts to constrain the

standard internal shock model. The dissipative photosphere models are also challenged if the cosmic ray

luminosity from GRBs is at least 10 times larger than the !-ray luminosity. If the neutrino flux upper limit

continues to go down in the next few years, then it would suggest the following possibilities: (i) the

photon-to-proton luminosity ratio in GRBs is anomalously high for shocks, which may be achieved in

some dissipative photosphere models and magnetic dissipation models; or (ii) the GRB emission site is at

a larger radius than the internal shock radius, as expected in some magnetic dissipation models such as the

internal collision-induced magnetic reconnection and turbulence model.
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Introduction.—As energetic, nonthermal photon emit-
ters, gamma-ray bursts (GRBs) have long been regarded
as efficient cosmic ray accelerators [1]. Significant neu-
trino emission is possible via the p! mechanism at the !
resonance, if protons in a GRB jet can be accelerated to an
energy Ep to satisfy the condition (assuming rough iso-
tropic distribution of protons and photons in the co-moving
frame)
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Here, " is the bulk Lorentz factor, E! and Ep are photon
and proton energies in the observer frame, m! ¼ 1:23 and
mp ¼ 0:938 GeV are the rest masses of !þ and proton,
respectively. For GRBs, a guaranteed target photon source
for the p! interaction is the burst itself. For a typical peak
photon energy of E!! several hundred keV, the corre-
sponding neutrino energy

E" ’ 0:05Ep (2)

is in the sub-PeV regime [2,3] which is well suited for
detection with the current high-energy neutrino detectors
such as the IceCube [4]. Indeed over the years, the IceCube
Collaboration has been searching for high energy neutrino
signals coincident with GRBs in time and direction, and
progressively deeper nondetection upper limits have been
placed [5,6], which are now beginning to constrain the
standard GRB internal shock model [2]. The current
IceCube upper limit was claimed to be at least a factor of

3.7 smaller than the theoretical predictions for the neutrino
flux from GRBs according to the internal-shock model if
the proton luminosity in the shock is normalized to allow
GRBs to account for the flux of ultra-high energy cosmic
rays (UHECRs). The upper limit therefore cast a doubt
regarding the viability of GRBs as the main source of
UHECRs [6]. More detailed, follow-up, calculations
[7–9] suggest that the current limit is still not deep enough
to provide significant constraints on the validity of the
internal shock model. However, the model would be
severely challenged if the upper limit continues to go
down in the next few years.
On the other hand, the origin of GRB prompt emission

(peaking in the MeV range) is still not identified.
Observations from Swift and Fermi observatories suggest
that prompt emission is originated from a site ‘‘internal’’ to
the external shock radius [10,11]. Among the internal
models, besides the internal shock model, other widely
discussed models include dissipative photosphere models
[12–14] and magnetic dissipation models at large radii
[15,16]. Recent GRB observations with Swift and Fermi
missions have challenged the simple fireball internal shock
model [17], and these other mechanisms for GRB prompt
emission become more attractive. The neutrino signal pre-
dictions of these prompt emission models could be very
different from what is predicted for the internal shock
model. The progressively stringent upper limit of neutrino
flux would start to constrain the validity of these models. In
this Letter, we develop a general method for calculating the
neutrino flux for a wide variety of GRB prompt emission
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Themaximum proton energy can reach the ultra-high energy (UHE) range [831–833]. Themaximum energy of the shock
accelerated protons can be estimated by the condition t 0acc = min(t 0dyn, t

0

c), where t 0acc = ⇠(�pmpc/eB0), t 0dyn, and t 0c are the
acceleration, dynamical, and cooling time scales in the co-moving frame. For example, within the internal shock framework,
whenwe ignore proton cooling via the photo–pion process (which can be important for UHE protons), themaximumproton
energy is

Ep,max ' 4 ⇥ 1020 eV ⇠�1
✓

✏B,�1L� ,52

✏e,�1

◆1/2

� �1
2.5 , (255)

which is in the UHE range. Protons with energies below this maximum value can produce neutrinos of different energies.
A GRB hasmultiple emission sites that can accelerate protons. These same sites usually are also permeatedwith photons.

If protons in a GRB jet can be accelerated to an energy Ep so that the condition
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is satisfied, significant neutrino emission is possible via the p� mechanism at the �-resonance

p� ! (�+

!)

⇢

n⇡+

! nµ+⌫µ ! ne+⌫e⌫̄µ⌫µ, fraction 1/3
p⇡0

! p� � , fraction 2/3. (257)

Here � is the bulk Lorentz factor, E� is photon energy in observer frame,m� = 1.232 GeV andmp = 0.938 GeV are the rest
masses of �+ and proton, respectively. At �-resonance, about 20% of the proton energy goes to ⇡+ (✏⇡+ ⇠ 0.2✏p), whose
energy is evenly distributed to 4 leptons (✏⌫ ⇠ 0.25✏⇡+ ). So overall

E⌫ ⇠ 0.05Ep. (258)

Due to the high compactness of the ejecta, the p� interaction can have high optical depth, so that ⇡+ are copiously
generated. ⇡+ decay and subsequent µ+ decay generate neutrinos (⌫µ and ⌫e) and anti-neutrinos (⌫̄µ).

Another important neutrino production mechanism is hadronic collisions, including pp and pn processes, e.g.

pp ! pn⇡+/K+

! pnµ+⌫µ ! pne+⌫e⌫̄µ⌫µ

pn ! pp⇡�/K�

! ppµ�⌫̄µ ! ppe�⌫̄e⌫µ⌫̄µ

pn ! nn⇡+/K+

! nnµ+⌫µ ! nne+⌫e⌫̄µ⌫µ. (259)

Free neutrons will subsequently decay: n ! pe�⌫̄e. These processes are important in a dense environment, such as inside
the progenitor star.

10.1. PeV neutrinos

For GRBs, a guaranteed target photon source for p� interaction is the burst itself. For the typical peak photon energy
E� ⇠ several hundred keV, the corresponding neutrino energy is in the sub-PeV regime [834]. The standard model invokes
internal shocks as the site of both gamma-ray photon emission and proton acceleration [98,834]. Alternatively, photons can
be generated at the photosphere [590,112,835,113,836,118,117,837] or frommagnetic field dissipation beyond the internal
shock radii [107]. Protons can be accelerated in the same site or a different site from the gamma-ray emission region. Over the
years, PeV neutrino flux from GRBs has been calculated both analytically and numerically [834,838–843,423]. We describe
here a general formalism for calculating the strength of the neutrino signal that can be applied to any of the abovementioned
models for GRB emission [844]:

For an observed ‘‘Band’’-function photon flux spectrum
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the observed neutrino number spectrum can be expressed as [834,845]

F⌫(E⌫) =

dN(E⌫)

dE⌫



pp/pn 

•  Interaction (no resonance): 

•  Cross section: 

•  Important in dense environments 

72 Hadronic Processes

6.2.2 Photomeson interaction: pγ

Photonmeson interaction is also called pγ process. The dominant channel is
through the “∆-resonance” where cross section is enhanced.

pγ → (∆+ →)

{

nπ+ → nµ+νµ → ne+νeν̄µνµ, fraction 1/3
pπ0 → pγγ, fraction 2/3.

(6.2)

The fractions going to the π+ and π0 channels are 1/3, 2/3, respectively.
The π+ typically carries ∼ 1/5 of the p energy. Each lepton shares 1/4 of
the π+ energy, which is ∼ 1/20 of the p energy.

The condition for ∆-resonance is

Ep · Eγ ∼ (0.3 GeV)2. (6.3)

At ∆-resonance, the cross section is

σpγ ≃ 5 × 10−28 cm2 ≃ 500µb. (6.4)

The unit µb is micro-barn, and the barn is defined as 1b = 10−24 cm2. So
1µb = 10−30 cm2.

6.2.3 pp/pn interactions

The pp and pn collisions can generate many kinds of intermediate mesons,
which decay to leptons and neutrinos.

pp(pn) → π±/K±... →
{

µ+νµ... → e+νeν̄µνµ...
µ−ν̄µ... → e−ν̄eνµν̄µ...

(6.5)

The mean total cross section for pp in the TeV-PeV range is

< σpp > ≃ 6 × 10−26 cm2, (6.6)

which is about 2 orders of magnitude higher than that of pγ process.
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Neutrinos from GRBs 

•  MeV: core collapse, central engine 
•  GeV: fireball acceleration phase, pn collision (Bahcall & Meszaros 

2000) 
•  TeV: Jet in star for both successful and choked GRBs; or in 

dissipative photosphere (Meszaros & Waxman 2001; Razzaque et al. 2003; 
Ando & Beacom 2005; Wang & Dai 2009; Murase & Ioka 2013) 

•  PeV: Internal shocks or magnetic dissipation (Waxman & Bahcall 
1997; Li 2012; He et al. 2012; Zhang & Kumar 2013) 

•  EeV: External shock (Waxman & Bahcall 2000; Dai & Lu 2001); Low 
luminosity GRBs (Murase et al. 2006; Gupta & Zhang 2007) 



MeV Neutrinos from GRBs 

•  From central engine (proto neutron star, accretion disk) 
•  Thermal, temperature ~ MeV, produce MeV neutrinos 
•  Very low flux, detectable only when a GRB is very close (in 

nearby galaxies) 

MeV neutrinos 



GeV Neutrinos from GRBs 

•  During the fireball acceleration phase 
•  Relative motion between protons and neutrons 
•  Inelastic collisions among protons and neutrons to produce 

GeV neutrinos 

GeV neutrinos 



TeV Neutrinos from GRBs 

•  Jet propagating inside the progenitor star 
•  X-rays in the cocoon 
•  Protons interacting with X-rays to produce TeV neutrinos 

•  Photosphere 

TeV neutrinos 



PeV Neutrinos from GRBs 

•  Gamma-rays from the GRB emission site (internal shocks) 
•  Protons are also accelerated in the internal shocks 
•  Protons interact with gamma-ray photons to produce PeV 

neutrinos 
•  For soft, low-luminosity GRBs, peak shifts to sub EeV 

PeV neutrinos 



EeV Neutrinos from GRBs 

•  X-rays emitted in the external reverse/forward shock region 
•  Protons are also accelerated in these shocks 
•  Protons interact with X-rays photons to produce sub EeV 

neutrinos 
•  EeV neutrinos can be also generated in X-ray flares 

following GRBs 

EeV neutrinos 
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PeV neutrinos from GRBs 
•  Guaranteed neutrino 

component: photon 
component: ~MeV 
photons observed from 
GRBs 

•  If cosmic rays are 
accelerated in GRB 
sources, neutrinos 
must be there! 

•  Most favorable target 
for IceCube 

Credit: IceCube collaboration 



γ spectrum 

p spectrum ν energy spectrum 
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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 



Prompt GRB Emission:  
Still a Mystery 

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

? 

What is the jet composition (baryonic vs. Poynting flux)? 
Where is (are) the dissipation radius (radii)? 
How is the radiation generated (synchrotron, Compton scattering, thermal)? 



Model-dependent PeV neutrino flux 
•  Neutrino flux depends on proton flux and pγ 

optical depth 
–  Proton flux depends on Lp (normalized to Lγ) 
–  Optical depth depends on Lγ, Γ and R 

•  Different models may have different  fγ/p 
=Lγ / Lp 

•  Given the same observed Lγ and Γ, 
different models invoke different R 
–  Internal shock model: R = Γ2 c δtmin 
–  Photosphere model: probably R < Γ2 c δtmin 
–  Internal Collision-induced MAgnetic Reconnection 

and Turbulence (ICMART) model: R = Γ2 c δtslow > 
Γ2 c δtmin 



Prompt GRB Emission:  
Still a Mystery 

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

IS ICMART photosphere 



Internal Shock Model 
•  Internal shocks develop at 

R = Γ2 c δtmin  
•  Both electrons and protons 

are accelerated in internal 
shocks; most electron 
energy goes to radiation 
(fast cooling), so fγ/p =Lγ / Lp 
=εe / εp~0.1 

•  This ratio also allows GRBs 
to be dominant UHECR 
sources (Waxman 1995) 

Rees & Meszaros 
Paczynski & Xu 
Kobayashi, Piran & Sari 
Daigne & Mochkovitch 
Panaitescu, Spada, Meszaros 
…… 



Dissipative Photosphere Model 
•  At photosphere quasi-thermal 

photons are released. 
Dissipation and particle 
acceleration are envisaged 
around the photosphere, so that 
a non-thermal spectrum 
emerges 

•  R ≤ Γ2 c δtmin , δtmin can be 
defined by minimum central 
engine activity, not necessarily  
R / Γ2 c. 

•  Can be rich of photons, so that 
fγ/p =Lγ / Lp can be larger than 0.1 

•  GRBs are not dominant UHECR 
sources 

Rees & Meszaros 
Thompson et al. 
Beloborodov 
Giannios  
Ioka 
Lazzati 
Toma, Veres 
…… 



central engine 
R ~ 107 cm 
σ = σ0 >> 1 

photosphere 
R ~ 1011 - 1012 cm 
σ ≤ σ0  

early collisions 
R ~ 1013 - 1014 cm 
σ ~ 1- 100 

ICMART region 
R ~ 1015 - 1016 cm 
σini ~ 1- 100  
σend ≤ 1 

External shock 
R ~ 1017 cm 
σ ≤ 1 

GRB 
Emission suppressed 

At most 
1/(1+σ) 
energy released 

At most 
1/(1+σ) 
energy released 

1/(1+σend) 
energy released 

(Internal Collision-induced MAgnetic Reconnection & Turbulence) 

Zhang & Yan (2011) 

ICMART Model 



ICMART Model 
•  ICMART radius is at R = 
Γ2 c δtslow  > Γ2 c δtmin  

•  fγ/p =Lγ / Lp can be =εe / 
εp~ 0.1 (no pair) or > 0.1 
(pair-rich dissipation) 

•  GRBs can either be or 
not be dominant 
UHECR sources 

H. Gao et al. 2012 
 
 
Zhang & Yan 2011 
 



Non-detection of neutrinos by Icecube 

IceCube (2012) results 

He et al. (2012)  Zhang & Kumar (2013) 



Latest Constraints from the IceCube Team 

time the simulation is weighted to unbroken spectra with
γ< <2 2.6. Only simulated events above 10 TeV are con-

sidered; at very high energies, where the flux is already much
smaller, no explicit cutoff is made. We find that the allowed
GRB per-flavor ν ν+ ¯ normalization, at 90% CL, is

Φ ∼ × − − − −E 2 10 GeV cm s sr0
2

0
10 2 1 1. This constraint weakens

only slightly with increasing γ. Thus potentially observable
GRBs, as defined in this paper, contribute no more than ∼1% of
the observed diffuse flux.

In this work, we have only considered a handful of possible
neutrino spectra. In recognition of the large space of possible
models to test, we now provide an online tool for calculating
limits on alternative spectra. The subset of analyzed bursts to
include as well as the per-burst spectra must be provided by the
user. These choices are applied to our full analysis chain, and
the results are sent back to the user via e-mail. Calculating
limits in this way accounts for the details of our unbinned
likelihood analysis, most importantly including the energy
PDF; it also accounts for the one low-significance event which
has been observed so far. See http://icecube.wisc.edu/science/
tools for more details.

5. CONCLUSION

Using four years of IceCube data, we set the most stringent
limits yet on GRB neutrino production, with a sensitivity
improvement of ∼2× relative to our previous results. We
constrain parts of the parameter space relevant to the
production of UHECRs in the latest models. In addition to
the work presented here, complementary analyses are under-
way. We are improving our acceptance with a search in the
cascade channel, which is sensitive to the whole sky and to all
neutrino interactions other than muon charged-current, as well
a search for GRB-correlated high energy starting events, which

has an extremely low background rate and therefore is sensitive
to very early precursor or late afterglow neutrinos. Results from
these searches will soon be published separately. In the absence
of an emerging signal in the coming years, IceCube limits will
increasingly constrain GRBs as dominant sources of UHECRs.
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Wisconsin Alumni Research Foundation, the Grid Laboratory
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WestGrid and Compute/Calcul Canada; Swedish Research
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FWO), FWO Odysseus programme, Flanders Institute to
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(IWT), Belgian Federal Science Policy Office (Belspo);
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Zealand; Australian Research Council; Japan Society for
Promotion of Science (JSPS); the Swiss National Science
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Figure 2. Total predicted neutrino fluence for various values of the bulk Lorentz factor Γ under different model assumptions. Bold lines reflect the energy region in
which 90% of events are expected based on simulation. Normalization scales linearly with the assumed baryonic loading fp, which is set here to 10. Models are
arranged from left to right in order of increasing predicted fluence for given values of fp and Γ.

Figure 3. Allowed region for the baryonic loading fp and bulk Lorentz factor Γ under different model assumptions.

6

The Astrophysical Journal Letters, 805:L5 (7pp), 2015 May 10 Aartsen et al.

Aartsen et al. 2015, ApJL, 805, L5 



Topic 2:  
 

Electromagnetic counterparts of 
kHz gravitational wave sources  

 
 



Detection of gravitational wave 
is around the corner 

~ 300 ( 0.1)Mpc z ≈NS+NS�

10.2 ~ 2000 yr−Event Rate�



Top candidate of GW sources: NS-NS mergers 

•  Known systems in the Galaxy 
•  Indirect evidence of GW 

emission from PSR 1913+16 
system 

•  Well studied “chirp” signals 
(short duration of detected 
signal – GW bursts or GWBs) 

•  What EM signals accompany 
with these events? 

http://physics.aps.org/articles/v3/29 (adapted from Kiuchi et al. 2010, PRL, 104, 141101) 



Possible NS-NS merger products:  
BH vs. millisecond magnetar 

Bartos, I., Brady, P., Marka, S. 2012, arXiv:1212.2289 



EM signals  
for a BH post-merger product 

Metzger & Berger (2012) 

SGRB �

Multi-wavelength afterglow 
~hours, days�

Li-Paczyński Nova 
   (Macronova, Kilonova) �

Opical flare 
~ 1 day �

Ejecta-ISM interaction shock �

Radio 
~years�

Li & Paczyński, 1998 

Nakar& Piran, 2011 

Talks by Li & Ioka 



Short GRBs as GWB EM 
counterpart: issues 

•  Observationally, NS-NS 
origin of short GRBs is 
not firmly established: the 
NS-NS model cannot 
simultaneously interpret 
the BATSE and Swift 
short GRB data (Virgili et 
al. 2012) 

•  Even if there is a SGRB-
GWB association, 
SGRBs are collimated, 
only a small fraction of 
GWBs will have SGRBs. 

 



Short GRBs 
Issue: Beamed 

•  In different types of host galaxies, 
including a few in elliptical/early-
type galaxies, but most in star-
forming galaxies 

•  Large offsets, in regions of low star 
formation rate in the host galaxy. 
Some are outside the galaxy. 

•  Leading model: NS-NS or NS-BH 
mergers 

 

Rezzolla et al. 2011 



Kilo-novae: faint, in IR? 

•  Li-Paczynski novae:        
1-day V-band luminosity: 
3×1041 erg/s (Metzger et 
al. 2010): 3-5 orders of 
magnitude fainter than 
GRB afterglow 

•  Barnes & Kasen (2013): 
High opacity from heavier 
elements (e.g. 
lanthanides) – peak in IR 

•  Detection in GRB 
130603B?  
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Figure 2 Optical, near infrared (left axis) and X-ray (right axis) light curves of 

SGRB 130603B. Upper limits are 2σ and error bars 1σ. The optical data (gri bands) 

have been interpolated to the F606W band and the nIR data to the F160W band using an 

average spectral energy distribution at ≈0.6 days (see Supplementary Information). HST 

epoch 1 points are bold symbols. The optical afterglow decays steeply after the first 

≈0.3 days, and is modelled here as a smoothly broken power-law (dashed blue line). We 

note that the complete absence of late-time optical emission also places a limit on any 

separate 56Ni driven decay component. The 0.3–10 keV X-ray data29 are also consistent 

with breaking to a similarly steep decay (the dashed black line shows the optical light 

curve simply rescaled to match the X-ray points in this time frame), although the source 

dropped below Swift sensitivity by ~48 hr post-burst. The key conclusion from this plot 

Tanvir et al. (2013, Nature), Berger et al. (2013, ApJL) 



Kilo-novae and radio afterglow: 
Too faint to detect 

•  Li-Paczynski novae:        
1-day V-band luminosity: 
3×1041 erg/s (Metzger et 
al. 2010): 3-5 orders of 
magnitude fainter than 
GRB afterglow 

•  Radio afterglow (Nakar & 
Piran): bright enough 
when n=1 cm-3. For 
mergers, one expects      
n ~ 10-3 – 10-4 cm-3, then 
radio afterglow not 
detectable 

 



Observational hints of a magnetar as 
the post-merger product (I) 

•  NS with mass > 2 M¤ 
has been discovered 

•  NS-NS systems: total 
mass can be below ~ 
2.6 M¤ 

Lattimer & Prakash (2010) 



Observational hints of a magnetar as 
the post-merger product (I) 

Stiff equation-of-state: maximum NS mass close to 2.5 M¤ 
 

Lattimer (2012) 



Observational hints of a magnetar as 
the post-merger product (2) 

•  X-ray plateaus in some short GRB afterglows 

Rowlinson et al. (2010) Rowlinson et al. (2013) 

GRB 090515�



Additional energy budget  
from the magnetar: the spin energy 

A postmerger magnetar would be initially rotating near the Keplerian velocity P~1ms. 
 
A huge energy budget: released in the EM form in different channels 

52 2
45 0, 32 10rotE erg I P−

−= ×

49 1 2 6 4
,0 ,15 6 0, 310sd pL erg s B R P− −

−=

3 2 6 2
45 ,15 6 0, 3

0,

~ 10rot
sd p

sd

ET s I B R P
L

− −
−=



Early EM signals from GWBs 
(Zhang, 2013, ApJ, 763, L22) 

•  Magnetar wind is essentially isotropic 

•  If the post-merger product of NS-NS 
coalescence is a millisecond magnetar, 
essentially every GWB would be 
accompanied by a bright early EM afterglow 

•  This applies regardless of whether NS-NS 
mergers are accompanied by short GRBs 



EM signals  
for a (supra-massive / stable) millisecond 

magnetar post-merger product 

Zhang (2013); Gao et al. (2013); Yu et al. (2013) 

Jet-ISM shock (Afterglow)�

Shocked ISM�

Ejecta �

SGRB�

Radio 
Optical 
X-ray�

X-ray�

X-ray�

Poynting 
flux �

MNS�

SGRB?�
Late central engine activity 
~Plateau & X-ray flare�

Magnetic Dissipation 
X-ray Afterglow �

1000 ~10000 s�

8 1 210 ergs cm− − −

Ejecta-ISM interaction with 
continuous energy injection �

Multi-band transient 
~hours, days, weeks, 
 or even years�

Gao et al, 2013 

Zhang, 2013 

up to ~ 

Magnetar-fed merger-novae �
Yu et al, 2013; 
Metzger & Piro 2014 



Forming a supra-massive / stable 
neutron star via a NS-NS merger 

Giacomazzo & Perna (2013) 

For small enough NS 
masses and a reasonable 
NS equation of  state, a 
stable magnetar can survive 
a NS-NS merger. 



Bright early X-ray Afterglow from NS-NS mergers 
 Zhang, 2013, ApJ, 763, L22 

1/3Fν ν∝With                 , one can  
roughly estimate that the  
optical flux could be as  
bright as 17th magnitude 
in R band. 
�

The proto-magnetar would eject a  
wide-beam wind, whose dissipation 
 would power an X-ray afterglow as 
 bright as~ (10−8–10−7) erg cm−2 s−1.  
The duration is typically 103–104s. 

F
lu

x 
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     Enhanced (Magnetar powered) Merger Novae 
 Yu, Zhang & Gao, 2013, ApJ, 763, L22 
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Figure 3. Optical (∼1 eV) light curves of the millisecond-magnetar-powered
merger-nova, in comparison with the light curves of two supernovae (bolometric)
and one radioactive-powered merger-nova (as labeled). The dash-dotted (blue)
and solid (orange) lines represent Mej = 10−2 M⊙ and 10−4 M⊙, respectively.
The thick and thin lines correspond to a magnetar collapsing time as tcol =
104 s ≪ tmd and tcol = 2tmd, respectively. The zero-times of the supernovae are
set at the first available data.
(A color version of this figure is available in the online journal.)

band (∼1 eV), a luminous flash with a peak luminosity of
∼1043 erg s−1 appears in the day–week timescale. This was
the reason why we did not adopt the word “macro-nova” or
“kilo-nova.” Nevertheless, such a bright optical emission could
be significantly suppressed by an early collapse of the magnetar
(tcol ≪ tmd) due to an extra angular momentum loss (e.g., via
strong gravitational radiation), as shown by the dotted lines in
Figure 2 for an optionally taken tcol = 104 s. Of course, in a more
detailed calculation, the influence on the spin-down behavior of
the extra angular momentum loss before this collapsing time
should also be taken into account (Fan et al. 2013, submitted).
For a direct impression of the merger-nova optical emission,
in Figure 3 we present the optical light curve of the magnetar-
powered merger-nova in a linear timescale, in comparison with
the bolometric light curves of two supernovae (SN 1998bw
and SN 2006gy) and a light curve of radioactive merger-nova
(Equations (2) and (3) without the magnetar term). As shown,
the lifetime of the magnetar plays a crucial role in determining
the brightness and duration of the merger-nova optical emission.

3. AFTERGLOW FROM EXTERNAL SHOCK

For a full dynamical description of the system, here we
consider the deceleration of the merger ejecta by sweeping up
the ambient medium (see also Gao et al. 2013). The treatment
is similar to the generic dynamic model for gamma-ray burst
(GRB) afterglow (Huang et al. 1999), but with continuous
energy injection from the magnetar (Dai & Lu 1998a, 1998b;
Zhang & Mészáros 2001). The total energy of the ejecta and
shocked medium can be expressed as E = (Γ − 1)Mejc

2 +
ΓE′

int + (Γ2 − 1)Mswc2, where Msw is the mass of the swept
up medium, and the comoving internal energy of the shocked
medium is (Γ−1)Mswc2 according to the shock jump condition.
The energy conservation law gives

dΓ
dt

=
ξLsd + Lra − Le − ΓD

(
dE′

int
dt ′

)
− (Γ2 − 1)c2

(
dMsw

dt

)

Mejc2 + E′
int + 2ΓMswc2

(10)

Figure 4. Dynamic evolutions of the millisecond-magnetar-powered merger-
novae and their afterglows for the ambient density n = 1 cm−3 (solid) and
10−3 cm−3 (dashed), respectively.
(A color version of this figure is available in the online journal.)

where the energy loss due to shock emission is ignored, an
approximation usually adopted in GRB afterglow modeling. As
shown in Figure 4, for a reasonable range of the ambient density,
deceleration could not start before acceleration is complete.
Therefore, the acceleration and deceleration processes can in
principle be investigated independently, as treated in Section 2.
The light curves of the afterglow synchrotron emission for
a typical ambient density n = 0.1 cm−3 are presented in
Figure 2 along with the merger-nova light curves. As shown,
the afterglow emission could be much weaker than that of the
merger-nova in a wide frequency range, although a noteworthy
fraction of the injected energy is also transferred to the shock.

4. CONCLUSION AND DISCUSSION

By describing the dynamic evolution of a merger ejecta
powered by a millisecond magnetar, we calculate the thermal
emission of the merger-nova and the non-thermal emission of
the external shock. The optical brightness of the millisecond-
magnetar-powered merger-nova is found to be comparable to
or even higher than that of supernovae, which is a few tens
or hundreds times brighter than the radioactive-powered kilo-
novae, if the magnetar remains stable before tmd. Nevertheless,
early GW loss and an earlier collapsing time could suppress
the optical emission significantly. The magnetar collapse due
to losing most centrifugal support could also restrict the du-
ration of the merger-nova within the order of (at most) a few
days, which is considerably shorter than the supernovae du-
ration lasting months and years. Detecting such a unique EM
transient associated with a GW burst would unambiguously
confirm the astrophysical origin of the GW burst and robustly
suggest a massive millisecond magnetar formed during the
merger.

So far, no bright optical merger-nova have been detected in
association with SGRBs. This may be understood as follows.
Along the spin axis, a strong magnetar jet could break out by
propelling ejecta sideways (Bucciantini et al. 2012; Quataert &
Kasen 2012), so that there could be no merger-nova emission
toward the observer in the SGRB direction. A bright merger-
nova may still be observable in the equatorial direction, but

4
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Figure 1. From top to bottom, evolutions of dynamics, bolometric luminosity,
optical depth (thick) and ratio t ′d/t ′ (thin), as well as blackbody peak energy
of merger-novae with two typical ejecta masses: Mej = 10−4 M⊙ (solid) and
10−2 M⊙ (dash-dotted). The dotted arrows indicate that (1) the peak time of the
merger-nova emission locates at τ = 1 (for 10−4 M⊙) or tmd (for 10−2 M⊙)
and (2) the peak energy corresponding to the peak luminosity is in the range
of 15–50 eV. The initial velocity of the ejecta is taken as βi = 0.2 and the
initial ejecta energy E′

int,i = Ek,i = (1/2)Mejβ
2
i c2. The magnetar parameters

are: B14 = 5, Pi,−3 = 5, and ξ = 0.3.
(A color version of this figure is available in the online journal.)

where τ = κ(Mej/V ′)(R/Γ) is the optical depth of the ejecta
with κ being the opacity,6 t ′d ≡ (τRt ′/Γc)1/2 is the effective
diffusion time, and tτ is the time at which τ = 1. We note
that the optical depth reads τ = Γct ′/R ≈ β−1 > 1 when
t = td, which suggests that tτ > td all the time, similar to the
non-relativistic case (Kasen & Bildsten 2010).

Numerical solutions to the above equations are presented in
Figure 1 for two ejecta masses, 10−2 M⊙ and 10−4 M⊙, where
the magnetar collapse effect is not included. For the low-mass
case, the dynamical transition from the non-relativistic regime
to the mildly relativistic regime is clearly shown in the top panel.
The acceleration times of the ejecta are determined by the spin-
down timescale tmd in all the situations. The optical depth and
the diffusion time play a crucial role in determining the temporal
behavior of the merger-nova emission. As τ and the ratio td/t

6 In our calculations, a constant opacity κ = 0.2 cm2 g−1 is adopted for
simplicity, which is appropriate for electron scattering in a plasma with an
ionization degree of 0.5. However, for r-process elements, Kasen et al. (2013)
found that the bound–bound, bound–free, and free–free transitions could
provide more important contributions to the opacity, which makes the opacity
higher and strongly energy-dependent. As a result, the merger-nova emission
could be extended, weakened, and shifted toward softer bands (Barnes &
Kasen 2013). Additionally, the ionization of the ejecta by the wind X-ray
emission (Zhang 2013) could also affect the opacity.

Figure 2. Light curves of the merger-nova (thick) and afterglow (thin) emissions
at different observational frequencies as labeled. The dashed and dotted lines
are obtained for an optionally taken magnetar collapsing time as tcol = 2tmd and
tcol = 104 s, respectively. The ambient density is taken as 0.1 cm−3, and other
model parameters are the same as Figure 1.
(A color version of this figure is available in the online journal.)

gradually drop toward unity, the bolometric light curve rises and
finally reaches a peak at td, tτ , or tmd (i.e., the ejecta photosphere).
To be specific, for a high-mass ejecta, the peak time tpeak ∼ td for
tmd < td < tτ (e.g., the case of superluminous supernova) and
tpeak ∼ tmd for td < tmd < tτ (e.g., the case of Mej = 0.01 M⊙ in
Figure 1), which were analytically proved by Kasen & Bildsten
(2010) and Dexter & Kasen (2013). In contrast, since a low-
mass ejecta could become optically thin before tmd, the emission
would monotonously decrease after tτ even though there is
further energy injection. So for td < tτ < tmd (e.g., the case
of Mej = 10−4 M⊙ in Figure 1), the luminosity peak could
appear at tτ . Figure 1 shows that the peak time of merger-novae
could range from hours (low Mej case) to ∼a day (high Mej case).
After tpeak, the bolometric luminosity starts to decrease and the
decrease rate approximately tracks the spin-down luminosity at
t > max(tτ , td, tmd).

The peak energy of the emission spectrum νLν can be
characterized by the blackbody temperature, specifically

εγ ,p ≈ 4DkT ′ = 4Dk

(
E′

int

aV ′

)1/4

, (8)

where k is the Boltzmann constant and a the radiation constant.
As shown in the bottom panel of Figure 1, the blackbody peak of
the photosphere emission mostly falls in the ∼15–50 eV energy
band for the adopted parameters. For an observational frequency
ν, the luminosity light curve can be calculated as

νLν = 1
max(τ, 1)

8π2D2R2

h3c2

(hν/D)4

exp(hν/DkT ′) − 1
, (9)

where h is the Planck constant. The light curves at different
frequencies (1 eV, 30 eV, 1 keV) of the millisecond-magnetar-
powered merger-novae are presented in Figure 2. For nomi-
nal parameters, the emission mainly occurs in the UV band
with a peak luminosity around 1045 erg s−1. Higher-energy (e.g.,
X-ray) emission peaks earlier and the corresponding luminos-
ity decreases significantly (due to the exponential tail of ther-
mal emission) with increasing photon energy. In the optical

3

See also Metzger & Piro (2014) 



Ejecta-ISM shock with Energy Injection 

Different 
leads to different  
dynamics cases. �

ejM

, ,2ej ej crM M>=

3 2
, ,2 45 0, 3~ 6 10ej crM M I P ξ− −

−× e

Non-relativistic�

If �

Gao et al. 2013, ApJ, 771, 86 



GWB Localization Error Box �

Nissanke et al. 2011 �

Observational strategy 

X-ray observational strategy �

1)  Small field of  view (e.g. Swift 
XRT), requires fast-slew to 
search for the entire error box in 
103-104 s 

 Not easy 

2)  Large field of  view with 
moderate sensitivity,  

      rapid-slew to increase chance 
coincidence with GWB 
triggers 

 
e.g. Einstein Probe, Lobster, ASTAR … 

The Astrophysical Journal, 739:99 (6pp), 2011 October 1 Nissanke et al.
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Figure 1. Sky localization for a high-SNR binary under different network configurations, as labeled. The solid black curves indicate the 68% and 95% confidence
regions (c.r.). Additional detectors increase the network SNR and decrease the error ellipse, however note the significant localization enhancement provided by LAu
in particular. The origin (0,0) of each plot represents the source’s true position, and the solid black lines denote the confidence regions.
(A color version of this figure is available in the online journal.)

The specific orientation and shape of the ellipse are dependent
upon the sky position and orientation, and noise realization.

However, for a handful of events near threshold, we find
that sky error areas are considerably non-ellipsoidal and exhibit
multimodal distributions, in particular with networks that do
not include LAu. As expected, their errors are not centered
on the source’s true sky position and we find that 5% of our
selected binaries have true positions that lie outside the 95%
confidence region. Analyses such as Fairhurst (2011), Wen &
Chen (2010), and Schutz (2011) cannot reproduce such features
due to limiting assumptions implicit in timing and Fisher
information methods. Figure 2 shows an example of a low-SNR
NS–NS binary located at 567 Mpc with an inclination angle of
cos ι = −0.93 and a sky location of (cos θ = −0.36,φ = 1.5).
The expected SNRs at LIGO Hanford, LIGO Livingston, Virgo,
LAu, and LCGT are 5.4, 6.2, 3.1, 5.6, and 3.0, respectively.

We find that error areas typically decrease by a factor of 4–5
by including LAu in the network. For particularly weak signals,
multimodal peaks and statistical biases occur because multiple
likelihood peaks for different values of the GW waveform’s
amplitude become indistinguishable from each other due to the
uncertainties in the signal’s time of arrival at each detector.

3.2. Detected Samples of Binaries

We now examine cumulative distribution in sky errors for
ensembles of GW NS–NS events using different detector net-
works. We randomly choose events from our samples of de-
tected NS–NS binaries using the two different selection criteria
detailed in Section 2.1.

3.2.1. Case I: Triggering on a Network of Detectors

In Case I we set a total GW detector network threshold of
8.5, which implies an approximate SNR threshold per detector
of 8.5/

√
5 ∼ 3.8 for each of the five detectors. As a first

approximation, we estimate a detectable range of events within
the maximum network capability: each detector in the five-
detector network has a “weighted geometric average” (optimal)
range of about 420 Mpc (940 Mpc) for NS–NS events.7 The
geometric average statistic used here is a weighted angular
average over all sky positions and orientations, which is a factor
of ∼2.24 smaller than the optimal range for a face-on binary
that is located directly above the detector (see Finn & Chernoff
1993).

In order to obtain detection event rates, we follow the ap-
proach given in Abadie et al. (2010) where detection ranges
are derived by thresholding off a single LIGO SNR of 8. As
the noise in reality is non-Gaussian and non-stationary, Abadie
et al. (2010) use the range for a single detector to represent the
network of LIGO–Virgo detectors in order to achieve desired
false alarm rates. For comparison purposes, we apply the same
argument to our analysis: a five-detector network will have an
approximate threshold per detector of (8.5 ×

√
3)/

√
5 ∼ 6.6,

and hence a geometric average (optimal) range of about 240 Mpc
(540 Mpc) for NS–NS events. Abadie et al. (2010) provide a sim-
ple prescription to compute the GW NS–NS detection rate using

7 Similar to Abadie et al. (2010), we do not henceforth incorporate
cosmological redshifts for our NS masses when estimating detectable ranges
and rates.
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Figure 1. Sky localization for a high-SNR binary under different network configurations, as labeled. The solid black curves indicate the 68% and 95% confidence
regions (c.r.). Additional detectors increase the network SNR and decrease the error ellipse, however note the significant localization enhancement provided by LAu
in particular. The origin (0,0) of each plot represents the source’s true position, and the solid black lines denote the confidence regions.
(A color version of this figure is available in the online journal.)
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8.5, which implies an approximate SNR threshold per detector
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approximation, we estimate a detectable range of events within
the maximum network capability: each detector in the five-
detector network has a “weighted geometric average” (optimal)
range of about 420 Mpc (940 Mpc) for NS–NS events.7 The
geometric average statistic used here is a weighted angular
average over all sky positions and orientations, which is a factor
of ∼2.24 smaller than the optimal range for a face-on binary
that is located directly above the detector (see Finn & Chernoff
1993).

In order to obtain detection event rates, we follow the ap-
proach given in Abadie et al. (2010) where detection ranges
are derived by thresholding off a single LIGO SNR of 8. As
the noise in reality is non-Gaussian and non-stationary, Abadie
et al. (2010) use the range for a single detector to represent the
network of LIGO–Virgo detectors in order to achieve desired
false alarm rates. For comparison purposes, we apply the same
argument to our analysis: a five-detector network will have an
approximate threshold per detector of (8.5 ×
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3)/
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and hence a geometric average (optimal) range of about 240 Mpc
(540 Mpc) for NS–NS events. Abadie et al. (2010) provide a sim-
ple prescription to compute the GW NS–NS detection rate using

7 Similar to Abadie et al. (2010), we do not henceforth incorporate
cosmological redshifts for our NS masses when estimating detectable ranges
and rates.
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If all the required observations can 
be made, how likely can we 

discover these early afterglows? 

•  We don’t know 
•  Because we do not know the NS equation-of-state, so that 

we do not know what fraction of NS-NS mergers will leave 
behind a magnetar rather than a black hole 

•  If a magnetar forms, essentially every one will have bright 
X-ray early afterglow 

•  The brightness of the multi-wavelength afterglow depends 
on viewing angle, ejecta mass, and medium density 



Story I 
•  Imagine some time beyond 2015 
•  Advanced LIGO sends an alert to the EM community about a “chirp” 

GWB signal 
•  Einstein Probe / ISS-Lobster / ASTAR happens to cover the error box 

of advanced LIGO, but no bright X-ray emission is discovered 
•  The magnetar possibility is essentially ruled out. The upper limit of NS 

maximum mass constraints NS equation of state 
•  Continuously processing the GWB signal revealed a “ring-down” 

phase – consistent with a BH as the post-merger product 
•  Deep searches of optical signal in the error box did not reveal a bright 

optical transient 
•  Deep searches of radio signal one year after the GWB trigger revealed 

a very faint object. It takes years to figure out whether it is a variable 
source, and hence, whether it is related to the NS-NS merger.  



Story II 
•  Imagine some time beyond 2015 
•  Advanced LIGO sends an alert to the EM community about a “chirp” 

GWB signal 
•  Einstein Probe / ISS-Lobster / ASTAR happens to cover the error box 

of advanced LIGO, and a bright X-ray emission is discovered 
•  Optical and radio telescopes immediately slews to the error box 

provided by the X-ray detector, and discovers a bright afterglow  
•  Follow-up GW signal analysis reveals a phase of secular bar-model 

instability signal of a hyper-massive neutron star 
•  From the duration of the X-ray plateau, the magnetar magnetic field is 

constrained.  
•  Combining GW analysis and afterglow analysis, one is able to derive 

many interesting physical parameters: the mass of the two parent 
NSs, ejecta mass, maximum mass of the survived NS, maximum 
mass of a non-spinning NS, equation-of-state of nuclear matter … 



Look Early! 
 

Both positive and negative 
detections are of great interest! 

 
Only observations will make 

breakthrough! 


