Gamma-ray Bursts

Homework Assignment #5 due by:
TUESDAY 12/15 before 9AM.
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Gamma-ray Bursts (GRBs)

The Vela satellite (designed to
monitor Soviet nuclear test ban
compliance) first detected gamma-
ray bursts.

These happen ~1 a day and last
from 102 to 108 s, with rise times
as short as 104 s, followed by
exponential decay.

Gamma-rays are the most
energetic photons. The gamma-ray
regime extends from ~1 KeV to
GeVs (or really as high as
detectable).
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GRB light curve:
wide range of potential
shapes here!

GRBs last from 102 to
103 s, with rise times
as short as 104 s,
followed by exponential
decay.

Gamma-rays are the
most energetic
photons. The gamma-
ray regime extends
from ~1 KeV to GeVs

100 (or really as high as

detectable).



2704 BATSE Gamma-Ray Bursts

Fluence, 50-300 keV (ergs cm™)
fluence = total energy received over the course of a burst

Compton Gamma Ray Observatory satellite



Although the sources are spread evenly across the sky, they do not appear to be distributed
homogeneously throughout space, i.e., not the same number of sources independently of
distant or direction. The argument in support of this is the logN-logS distribution.
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Assuming all burst with same intrinsic E, then for a specific value of S (i.e., So), all the sources
within a sphere of radius d(So) will be observed to have a fluence S>So.

If there are n burst sources per unit of volume, then the number of sources with a fluence
equal to or greater than S is:
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Number o f Bursts

.e., if the sources of the GRBs are distributed uniformly throughout space: 3

log N(> S) x —§logS

Feak flux distribution: 256 ms timescale
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Number o f Bursts

.e., if the sources of the GRBs are distributed uniformly throughout space: 3

Feak flux distribution: 256 ms timescale

log N(> S) x —§log5

1000

T rni

1

100

1 ll]lll

1

10

1 lll]ll

|

Observations

1

T TTTTT}
Y

Loror ool

| llllllll | llllllll

' Expected slope of —1.5
' for homogeneous population

1 llllllll 1 L il

|

1

lllll'l‘/

—
—
T—
—
—

—

lllllll

L

1

lllllll

L

L il

1.0

210.0
Photonsfcm™-sec: S50-300 ke 1)

100.0

1000.0



Number o f Bursts

.e., if the sources of the GRBs are distributed uniformly throughout space: 3

Feak flux distributon: 256 ms timescale
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This proportionality is violated
when S is small enough to include
the more distant, fainter sources.

There is an edge to the distribution
(the limit could be the observable
universe).

The Earth is near the center of a
spherically symmetric distribution
of GRBs, hence GRBs are of
cosmological origin, and the GRBs
are among the most energetic
phenomena in the universe.

1000.0



Number o f Bursts

.e., if the sources of the GRBs are distributed uniformly throughout space: 3

Feak flux distributon: 256 ms timescale
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This proportionality is violated
when S is small enough to include
the more distant, fainter sources.

There is an edge to the distribution
(the limit could be the observable
universe).

The Earth is near the center of a
spherically symmetric distribution
of GRBs, hence GRBs are of
cosmological origin, and the GRBs
are among the most energetic
phenomena in the universe.

If extragalactic, the fluence
implies energy release (in
gamma rays alone) comparable
to the total energy release of
Type Il supernovae (~1045J).



The GRB host galaxies (hence distances) were finally
identified thanks to detections of optical afterglows.

The simplest but
crucial task in
host search is to

Optically bright GRB-

Accurate
astrometry from
afterglow images
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Short & Long Gamma-Ray Bursts (GRBs)

Distribution of T90 durations of GRBs is bimodal.

RO UL B R | | | RRE LLLL LR LI (BATSE Web page)
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Gamma-Ray Bursts (GRBs): The Long and Short of It

Long gamma-ray burst
(>2 seconds’duration)

A red-giant
l star collapses
_>"_ onto its core...,

]

~Decoming so
dense that it
A A
expels its outer
ayersina
SUPEMova
xplosion,

Gamma rays

Short gamma-ray burst
(<2 seconds’duration)

»
Stars* in _\
a compact
binary system »

begin to spiral
inward....
-

~eventually
colliding,

The resulting torus

has at its center

a powerful

black hole. r

*Possibly neutron stars.

Main theory:

Long-duration GRB: collapsar
(basically burst associated with a
particularly massive core collapse
supernova), likely producing a
black hole.

Short-duration GRB: merging
neutron stars (or neutron star and
a black hole)




Gamma-Ray Bursts (GRBs): The Long and Short of It | us=e. ingredient is the beaming of

Long gamma-ray burst Short gamma-ray burst highly. relgtivistic_; mattgr. The |
(>2 seconds’ duration) (<2 seconds’ duration) emission is not isotropic, but there is

a relativistic jet. Radiation is emitted
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Gamma-Ray Bursts (GRBs): The Long and Short of It

Long gamma-ray burst
(>2 seconds’duration)

A red-giant
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The resulting torus

has at its center
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black hole. '

*Possibly neutron stars.

Collapsar model or hypernova
(long GRBs):

When a core-collapse SN occurs,
either a NS or a BH will form
depending on mass, metallicity,
and rotation of progenitor. For a
progenitor with a large enough
mass, the central object will be a
BH with a debris disk surrounding
it. The collimating effect of the
debris disk and associated

magnetic fields would lead to a jet
emanating from the center of the
SN. The jet will plow its way
through the overlaying material of
the infalling stellar envelope,
producing the bursts of gamma
ray.




Gamma-Ray Bursts (GRBs): The Long and Short of It

Long gamma-ray burst
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*Possibly neutron stars.

Evidence for collapsar model:
long GRBs found exclusively in
galaxies with active star formation
(i.e., lots of short lived massive
stars). Several known cases where
a supernova is observed directly
following a long duration GRB.

Short GRBs tend to be found in all
types of galaxies including those
with no active star formation.
Merging neutron stars are strong
sources of gravitational waves -
this detection would be the
definitive proof of this theory.




HST image of host
galaxy 778 days
after SN explosion,
showing a large
star-forming region
of a spiral arm
(Fynbo+2000)
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Spectral evolution of GRB-SNe
1998bw (Patat+2001) and
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Solid lines indicate spectra of SN
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after the GRB are indicated in
the rest frame.



Jet collides with
ambient medium
(external shock wave)

Colliding shells emit NV
low-energy gamma rays -
(infternal shock wave)

High-energy
gamma rays

NN

Slower SUSHE
Faster shell
gamma rays Visible light

& Radio

Black hole
engine

Prompt
emission

Afterglow
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http://ligo.caltech.edu

imiror | LIGO work by bouncing a laser
pasicMichelson Interterometer off two mirrors 9odeg. apart

v and then recombining the signal.

If a gravitational wave has passed by,
one of the distances becomes

a tiny bit shorter so that the two

)\ signals no longer perfectly line up.
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Simulation of merging black holes and expected grav. wave
signal (ligo.caltech.edu).
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Simulation of merging black holes and expected grav. wave
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Nobel prize in physics in 2017 went to
the LIGO team for this discovering confirming Einstein’s GR,
below are its leaders.

Ray Weiss (MIT) €}
P

Kip Thorne |
(Caltech) (Caltech)



Masses in the Stellar Graveyard
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Crashing neutron stars can make gamma-ray burst jets

Magnetic fields

Neutron stars
Masses: 1.5 suns
Diameters: 17 miles (27 km)
Separation: 11 miles (18 km)

Simulation begins

7.4 milliseconds

13.8 milliseconds

Black hole forms 3 ‘,\.. AIRT o o
Mass: 2.9 suns e~ s
Horizon diameter: 5.6 miles (9 km)

Jet-like
magnetic field

15.3 milliseconds

21.2 milliseconds

26.5 milliseconds
Credit: NASAJAEI/ZIB/M. Koppitz and L. Rezzolla










The LIGO signal now can place constraints on how distant this merger was (roughly where on the
sky it was), the masses of the progenitors and even constraints on their initial radii — which helps
constrain the very uncertain equation of state!
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This was the first object ever, to be studied in gravitational waves as well as then found in
gamma-rays, X-rays, optical, IR, radio — just about everybody on a telescope at the time looked
at the part of the sky that LIGO saw this event. Astronomers are still processing all the information,
but it is clear that the added constraints from the gravitational-wave signal coupled with the EM
signal mean that we are at the beginnings of a real revolution in our ability to study these
exotic objects.

GW170817 optical counterpart

NGC 4993

April 28, 2017 Hubble Space TeIescopé August 17, 2017 - Swope Telescope .
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