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GRB Formation
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Internal Shocks? External Shocks

Newly-formed 
short-lived magnetar?

Binary Neutron Star Merger

Massive Star Collapse



Broadband Observations of GRBs

3Sari 1998

GRB Afterglow Synchrotron Spectra



BNS Merger Counterparts

4Borrowed from NASA GW-EM Task Force Report - https://pcos.gsfc.nasa.gov/gw-em-taskforce/gw-em-taskforce.php



What have you already learned about binary 
neutron  star mergers?
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Neutron star binaries and 
gravitational waves

[Tauris et al., 2017]

1.4. Résumé of DNS Formation

Previous theoretical works on the physics of DNS formation
includes (here disregarding general population synthesis studies)
Bisnovatyi-Kogan & Komberg (1974), Wheeler et al. (1974),
Flannery & van den Heuvel (1975), Srinivasan & van den Heuvel
(1982), van den Heuvel (1994), Ivanova et al. (2003), Dewi &
Pols (2003), Podsiadlowski et al. (2004), van den Heuvel (2004),
and Dewi et al. (2005). From these papers, a standard scenario12

has emerged (e.g., Bhattacharya & van den Heuvel 1991; Tauris
& van den Heuvel 2006), which we now summarize in more
detail.

In Figure 1, we show an illustration of the formation of a DNS
system. The initial system contains a pair of OB-stars that are
massive enough13 to terminate their lives in a core-collapse SN
(CCSN). To enable the formation of a tight DNS system in the end,
the two stars must initially be in a binary system close enough to
ensure interactions via either stable or unstable mass transfer. If the
binary system remains bound after the first SN explosion (which is
of Type Ib/c; Yoon et al. 2010), the system eventually becomes
observable as a HMXB. Before this stage, the system may also be
detectable as a radio pulsar orbiting an OB-star, e.g., as in
PSRsB1259−63 (Johnston et al. 1992) and J0045−7319 (Kaspi
et al. 1994). When the secondary star expands and initiates full-
blown Roche-lobe overflow (RLO) during the HMXB stage, the
system eventually becomes dynamically unstable. For wide
systems, where the donor star has a deep convective envelope at
the onset of mass transfer (i.e., during the so-called Case B RLO,
following the termination of core hydrogen burning), the timescale
on which the system becomes dynamically unstable might be as
short as a few 100yr (Savonije 1978). This leads to the formation
of a CE (Paczyński 1976), where the dynamical friction of the
motion of the NS inside the giant star’s envelope often causes

extreme loss of orbital angular momentum and (in some cases)
ejection of the hydrogen-rich envelope. If the binary system
survives the CE phase, it consists of a NS orbiting a helium star
(the naked core of the former giant star). Depending on the orbital
separation and the mass of the helium star, an additional phase of
mass transfer (Case BB RLO; Habets 1986; Tauris et al. 2015)may
be initiated. This stage of mass transfer is important since it enables
a relatively long phase of accretion onto the NS, whereby the NS is
recycled, and it allows for extreme stripping of the helium star prior
to its explosion (as a so-called ultra-stripped SN; Tauris et al. 2013,
2015; Suwa et al. 2015; Moriya et al. 2017). Whether or not the
system survives the second SN depends on the orbital separation
and the kick imparted onto the newborn NS (Flannery & van den
Heuvel 1975; Hills 1983; Tauris & Takens 1998). As we shall
argue in this paper, we expect most systems to survive the second
SN explosion. If the post-SN orbital period is short enough (and
especially if the eccentricity is large), the DNS system will
eventually merge due to GW radiation and produce a strong high-
frequency GW signal and possibly a shortGRB (e.g., Eichler et al.
1989). The final remnant is most likely a BH, although, depending
on the EoS, a NS (or, at least, a metastable NS) may be left behind
instead (Vietri & Stella 1998).

1.5. Major Uncertainties in DNS Formation

Aside from the pre-HMXB evolution, which is discussed in
Section 3.1, the most important and uncertain aspects of our
current understanding of DNS formation are related to

Table 1
Observed Ranges of Key Properties of DNS Systems

Properties of Recycled (Old) NSs:
Spin period, P 23 185 ms–
Period derivative, Ṗ 0.027 18 10 s s18 1´ - -( – )
Surface dipole B-field, B 0.29 18 10 G9´( – )
Mass, MNS,1 1.32–1.56 Me

a

Properties of Young NSs:
Spin period, P 144 2773 ms–
Period derivative, Ṗ 0.89 20 10 s s15 1´ - -( – )
Surface dipole B-field, B 2.7 5.3 10 G11´( – )
Mass, MNS,2 M1.17 1.39 :–

Orbital Properties:
Orbital period, Porb 0.10 45 days–
Eccentricity, e 0.085 0.83–
Merger time, gwrt 86 Myr ¥
Systemic velocity, vsys 25 240 km s 1-–

Note. Data taken from the ATNF Pulsar Catalogue (Manchester et al. 2005)—
see Table 2 for further details. Only DNS systems in the Galactic disk are
listed. The systemic recoil velocity, v vsys

LSR= , is quoted with respect to the
local standard of rest (Section 2.2).
a 1.32 Me Mark an upper limit to the lowest mass of the first-born NS.

Figure 1. Illustration of the formation of a DNS system that merges within a
Hubble time and produces a single BH, following a powerful burst of GWs and
a shortGRB. Acronyms used in this figure—ZAMS: zero-age main sequence;
RLO: Roche-lobe overflow (mass transfer); He-star: helium star; SN:
supernova; NS: neutron star; HMXB: high-mass X-ray binary; CE: common
envelope; BH: black hole.

12 See brief discussion given in Section 4.2 for an alternative “double core
scenario” (Brown 1995; Dewi et al. 2006) in which CE evolution with a NS is
avoided.
13 The secondary (initially less massive) star may be a M5 7 :– star which
accretes mass from the primary (initially more massive) star to reach the
threshold limit for core collapse at M8 12~ :– (Jones et al. 2013; Woosley &
Heger 2015; see also Section 3.1).
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The Astrophysical Journal, 846:170 (58pp), 2017 September 10 Tauris et al.

How do neutron stars form binary 
systems*? 

*that collide in a time less than 
the age of the universe?

Note: we already know 10 such 
systems in our galaxy!

What could go 
wrong in this 

scenario?

Question:

From Cecilia’s Talk, also:
• rates of BNS, 2 GW detections so far
• BNS rates
• NS EOS
• Hubble Constant
• Lots of other great stuff!

From Cori’s talk:
• GRB 170817A

observational
sequence,
properties

• Lots of other
great stuff!

From Josh’s talk:
• analysis tutorial 

of GRB 170817A



Did our understanding of binary neutron star 
mergers start with GW 170817?
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NO



What did we know about BNS mergers 
before GW detection?

7Kouveliotou et al. 1993

BATSE

Sakamoto et al. 2011, 
von Kienlin et al. 2020

GBM

• GRBs can be separated into 2 distributions in T90, even 
better including hardness ratio

• Short GRBs are shorter and harder than long GRBs
• Overlap in distributions, but reasonable separation
• Lots of studies looking for a 3rd intermediate population, 

some claims, but they look like like long bursts



BNS Mergers produce sGRBS – Predictions tested
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Eichler et al. 1989



sGRBs live in old stellar populations
First afterglows of a sGRBs just outside 
elliptical galaxies with low star formation 
rates

9

GRB 050509B

Gehrels et al. 2005

GRB 050724

Berger et al. 2005



sGRBs have afterglows and wider jets

10
Fong et al. 2015

Maybe they have wider jet opening angles?
Lots of selection effects

Less luminous 
afterglows than 
LGRBs, so 
disappear quicker



Host Galaxies and Environments

• mass, stellar population 
age, specific star 
formation rate and 
metallicity are 
significant different 
between the hosts of 
short and long GRBs
• short GRBs are 

associated with a mixed 
population of early and 
late-type host galaxies

11

Fong et al. 2013D’Avanzo et al. 2015

Neutron star binaries and 
gravitational waves

[Tauris et al., 2017]
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How do neutron stars form binary 
systems*? 

*that collide in a time less than 
the age of the universe?

Note: we already know 10 such 
systems in our galaxy!

What could go 
wrong in this 

scenario?

Question:

Tauris et al. 2017



SN/KN Bumps Identify Progenitor Type
late-time bump in optional/IR
afterglow light curves consistent 
with broadline SN Ic -> Collapsar

12Tanvir et al. 2013
Klose et al. 2019

late-time bump in optional/IR 
afterglow light curves consistent 
with KNe -> BNS merger



What was actually new with 170817?

• GW provided
• precise time of merger (and delay between merger and GRB of 1.7 s, used e.g. speed 

of gravity)
• NS progenitor masses, and final mass
• independent measure of distance (used e.g. for hubble constant)

• kilonova
• precise localization (and every telescope on earth pointed at it) provided amazing 

dataset of evolving kilonova
• off-axis afterglow
• extremely nearby distance allowed for detection of off-axis afterglow

• GRB appeared relatively normal and boring, except it’s very nearby

13



GRB 170817A and it’s 
counterpart GW 170817
• Distance of 40 Mpc (z=0.01)
• GRB 1.7s after GW merger

signal
• GRB was extremely sub-

luminous
• It was viewed slightly off axis
• We got really really lucky

14

Abbott et al. 2017



GRB 170817A Spectral Components
• Typical short (~0.5 s) hard spike

• α = -0.62 ± 0.40
• Epeak = 185 ± 62 keV

• Longer (~1 s) soft thermal tail
• kT=10.3 ± 1.5 keV

15

Goldstein et al. 2017Veres et al. 2018



GRB 170817A Properties

16Goldstein et al. 2017 Abbott et al. 2017

GW170817 
several orders 
of magnitude 
weaker than 
other GRBs 

when 
accounting for 

distance

GW170817 
looks like a 

normal 
short GRB 

in observed 
properties



LAT Observations of GW170817/GRB 170817A
• LAT was not taking data at merger 

time (SAA)
• Upper limit from first observation 

perhaps in realm of detections of 
other LAT short GRBs 
• LAT & GBM both shrinking SAA 

polygons

Ajello et al., 2018, ApJ, 861, 85 17



How do we identify BNS mergers in GRBs?

• Hardness and 
duration, right?

• long-short burst
• short-long bursts
• sGRBs with soft 

component

18

Short GRB with SN
GRB 200826A
T90 = 0.65 s
5 Gpc, z = 0.748

Long GRB with a KN
GRB 211211A
T90 = 43 s
350 Mpc, z=0.076

Rastinejad et al. 2022
See also Yang et al. 2022 Ahumada et al. 2021



GRB 150101B - A Cousin of GW170817?

19

GRB 150101B

Burns et al 2018

• The third closest SGRB with known redshift - GRB 150101B
• Very hard initial pulse with Epeak =1280±590 keV followed by a soft thermal tail 

with kT~10 keV
• Unlike GRB 170817, 150101B was not under luminous and can be modeled as on-

axis
• Suggests that the soft tail is common, but generally undetectable in more distant 

events
• Thermal tail can be explained as GRB photosphere, but degeneracy with the 

cocoon model still exists

See also Troja et al. 
2018 on GRB 150101B, 
and von Kienlin et al. 
2019 for additional 
candidates



What have we learned and could learn with 
more GW-GRBs?

• sub-energetic population of nearby 
sGRBs
• Is the intrinsic population not normally 

accessible or viewing angle geometry?

• jet structure
• How does that affect visibility?

• progenitor and remnant objects
• How do the binary component masses 

and mass ratio affect the final merged 
object?

20

Ryan et al. 2020



Jet Structure

• evidence for off-axis 
viewing
• GW parameterization
• low-luminosity GRB
• rising X-ray/radio 

afterglow + afterglow 
modeling

• Population of good
observations of GW 
detections of BNS can 
constrain jet 
structure models

21Abbott et al. 2017
Adapted from Howell et al. 2019



Afterglow Modeling Constrains Jet Opening 
Angle and Jet Viewing Angle

X-ray afterglow of GRB 
170817A still being 
detected after 3.3 years

22
Troja et al. 2022Hajela et al. 2022Ryan et al. 2020

Afterglow evolution is 
subject to both 
viewing geometry and 
jet geometry

KN 
afterglow



Progenitor Objects

Good observations of
GW, GRB, KN, afterglow 
can constrain the 
merger remnant and 
properties of the binary 
system

23

Burns et al. 2020 (originally from Nimble 
proposal)



Neutrinos and GRBs

• GRB jets accelerate non-thermal protons, 
which are expected to produce high-
energy neutrinos via photohadronic 
interactions.
• See Kimura et al. 

2022 for a 
comprehensive
review

24

Afterglows

Prompt



What’s next?

• Watershed GRB 170817A taught us a lot about BNS mergers and all of its 
counterparts (GW, GRB prompt, KN, GRB afterglow)
• The future will likely bring more events, but not nearly as close and

exquisitely observable as 170817.  We need to learn from those too.
• We need GRB monitors to provide measures of prompt temporal and 

spectral properties, delay time from merger, confirmation of signal/type, 
and localizations, and broadband afterglow observations.
• In addition to GBM, many more small GRB detectors coming (e.g.

BurstCube, Glowbug, StarBurst, BlackCat, …), and many others proposed

25


