Solution to the Short GRB Mystery

oy 4
5 - q

D. Q. Lamb (U. Chicago)

HETE-2 Swift

“New Views of the Universe”
Kavli Institute Symposium in Honor of David Schramm
Chicago, IL, 9 December 2005



The Long and Short of It
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IPN, HETE, and Swift Short GRBs
In Context of All BATSE GRBs
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BLACK-HOLE-NEUTRON-STAR COLLISIONS
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ABSTRACT
The tidal breakup of a neutron star near a black hele is examined, A simple model for the interaction is caleulated,
and the results show that the amount of neutron-star material ejected into the interstellar medium may be significant,
Using reasonable stellar statistics, the estimated quantity of ejected material is fourd to be roughly comparable ta the
abundance of r-process material.
Subject headings: black holes — hydrodynamics — mass loss — neutron stars

The tidal encounter of an object with a black hole,
with the resultant “tube of toothpaste” effect, has
been elucidated by Wheeler (1971} and examined by
Mashhoon (1973) and Bardeen, Press, and Teukolsky 161
(1972). We examine here the specific case of black-
hole-neutron-star collisions. Although these circum- r
stances would appear to be relatively improbable, it is
demonstrated below that a_significant amount of 4
neutron-star material may suffer tidal ejection into the
interstellar medium via such collision processes.

Let a neutron star of mass my, be moving in the 12k
Schwarzschild gravitational field of a black hole of
mass Mye. The components Fr* of the tidal force E
exerted by the black hole in the Fermi frame (Manasse i)
and Misner 1963) of the neutron star are given in the = 0
equation of geodesic deviation (Misner 1969) E

=

Fré per unit mass = —RWy,c5p2, (1)

where x# gives the coordinates in the Fermi frame, and
R e lists the components of the Riemann tensor
as evaluated in the Fermi frame. This equation is
valid only when applied to distances much less than
(average value of Riemann tensor)”%. When the neu- L
tron star approaches the black hole too closely, the
neutron star grows dynamically unstable and breaks
up. Call the distance from the black hele at which
this occurs the “Roche limit” (Fishbone 1972¢, ). For o
a first approximation to this limit one can refer to the

ol Byt 50Mg/em®

Foe=10%g/em®

analysis performed by Fishbone (19725), displayed in 2
ﬁgure 1, for the motion of an incompressible Newtonian 4 F | | A | N
fluid on a circular geodesic trajectory. It is clearly 4 6 8 0

apparent that the Roche limit lies well outside the
horizon of the black hole.

Because the Roche limit is outside the event horizon,
the possibility exists that some of the disrupted material T:Iml Role of mase M, for incompreseible Newtonian Huids with
may be ejected to infinity. Of course, unbound hyper- Toean densities pns of 104 gem3, 3 % 104 g e 8, and 108 gem,
bolic orbits which penetrate the Roche limit can yield The distance from the black hole is given in units of the geo-
such ejection, but the probability of such events is low, metrized mass of the black hole.

This Leffer will concentrate on the most plausible
astrophysically important case: a neutron star in a One can estimate the relative velocities imparted to
bound circular orbit decaying due to the emission of the disrupted material by the time the Roche limit is

(R/ Mgy

l“\'ﬂ. 1,—Roche limits for C\:ﬂl!l: orbits hased on the calcula-
5 of Fishbone (19728). Curves show breakup distance from

gravitational radiation. The rate of decay in the weak- reached. If part of the material has velocities which

field approximation is given in Zel'dovich and Novikov correspond to escape velocities (i.e., energies adequate

(1971). to cause that part of the material to escape from the
L145
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NEUTRON-STAR collisions accur inevitably when binary neutron
stars spiral into each other as a result of damping of gravitational
radiation, Such collisions will produce a characteristic burst of
gravitational radiation, which may be the most promising source
of a detectable signal for proposed gravity-wave detectors'. Such
signals are sufficiently unique and robust for them to have been
proposed as 3 means of determining the Hubble constant’.
However, the rate of these neutron-star collisions is highly uncer-
tain®. Here we note that such events should also synthesize neutron-
rich heavy elements, thought to be formed by rapid neutron capture
(the r-process)’. Furthermore, these collisions should produce
neutrino bursts® and resultant bursts of y-rays; the latter should
comprise a subclass of observable y-ray bursts, We argue that
observed r-process abundances and +y-ray-burst rates predict rates
for these collisions that are both significant and consistent with
other estimates.,

The binary pulsar system will coalesce in roughly 10° yr. Using
this fact together with the pulsar birth rate and the observed
frequency of occurrence of close binary pulsars (then, one in
every 300 pulsars), Clark et al’ estimated the formation rate in
the Galaxy to be (32 1.6)x 10 * yr . As 450 pulsars have now
heen observed, this estimate should be decreased by a factor of
1.5, but this does not change the following discussion. The
natural progenitor for a close neutron-star binary system is a
massive X-ray binary, from which the neutron-star binary will
form following a supernova explosion. Clark et al estimated
that the probability of disruption of such a close binary in the

126

supernova of the secondary is 0.1-0.2, and this led them to a
formation rate consistent with that based on pulsar statistics.

Alternatively, neutron stars formed in sepd.mle events might
become associated in a dense globular cluster®”. Such modes
of formation will lead to roughly equal-mass binaries with both
neutron stars of mass 1.4 Mg,

On the other hand, were there to exist a separate class of
neutron-star binaries in which the stars are in close proximity
on farmation of the binary, these might escape detection because
they would decay on a short timescale, ,,, via gravitational
radiation. For example, it has been suggested recently® that
millisecond pulsars arise from accretion-induced collapse of
white dwarfs in binaries’. It is argued on statistical grounds®
that low-mass X-ray binaries are too rare to be the progenitors
of millisecond pulsars, as had been proposed previously®. As
the white dwarfs are likely to be spun up to maximum angular
momentum, the collapse to a neutron star is likely to “fizzle’,
leading to two neutron stars in orbit around each other’, It is
not unlikely that the two neutron stars would have significantly
different masses. Although the statistical arguments have been
eriticized (F. Verbunt, J, van Paradijs and W. Lewin, personal
communication), such criticism does not exclude the possibility
that close neutron-star binaries are indeed formed from white
dwarfs in globular clusters.

Essentially for all equations of state, the less massive
component (the secondary) has a larger radius'’, R;. As it also
has the smaller Roche-lobe radius, Ry, it is invariably this
lighter component that fills its tidal lobe first, following
which mass transfer ensues. If [=(dln Ry/dIn My)> [, =
(d1n R /aIn M,) the mass transfer is dynamically stable,
whereas for £>< {, itis unstable. The latter situation arises when
the secondary (‘donor’) neutron star has a mass that is compar-
able (o or only slightly smaller than that of the Jarger, whereas
a high initial mass ratio will result in a stable mass-stripping
process.

Clark and Fardley' have discussed the evolution of a close
neutron-star binary. In systems that are unstable to mass transfer
on 4 dynamical timescale, the margin by which the less massive
neutron star is the first to overfill its lobe grows until the orbital
evolution is dominated by mass exchange (rather than by gravi-
tational radiation), for which the timescale'' At,, is ~6 ms for
masses of M, =14 My, M,=12M.. Once the mass-transfer
timescale becomes shorter than the gravitational-radiation
timescale, mass loss accelerates rapidly. In a three-dimensional
simulation of this process for a doubly degenerate binary system,
it is found that the lighter component is completely dissipated
in a little more than two orbital periods (~4 ms in our case)
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Merging neutron star-black hole
binaries (1974)

Merging neutron star-neutron star

binaries (1989)




Possible Short GRB Progenitors

 Magnetar
O Highly magnetized young neutron star (1074-101° G)
O Crustal breaking and magnetic reconnection = “hyperflares”
O Short (0.2 s) hard pulse and long (~ 200-300 s) soft pulse
O Dominant timescale is Alfven velocity in neutron star

J Collapsar

O Core collapse of massive star (black hole + short-lived
accretion disk)

O Explains long GRBs

O Dominant timescale is set by jet propagation through
collapsing core (~10-20 s)

 Compact binary mergers
O Merging compact objects (NS-NS or NS-BH)
O Hypercritical accretion onto a newly formed black hole
O Dominant timescale is set by accretion disk viscosity

Slide courtesy of D. Frail



Key Questions

] How far away are they?

- How much energy do they release?
3 Is the energy release isotropic or collimated?
O Are the central engines short- or long-lived?
3 Is there any non-relativistic ejecta?

- In what type of environments do they
occur?

O Host galaxy (and offset)
3 Circumburst environment




GRB 050509B: Swift Detection
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1 BAT detected very
faint short GRB

J XRT detected 11 (!)
photons beginning
at T+62 s

] Detection of X-ray
afterglow crucially
Important: Showed
that short GRBs
have afterglows

1 No optical or radio
afterglow detected




GRB 050509B: XRT Error Circle

Gehrels et al. (2005)

XRT error circle (9.3" radius) intersects
giant elliptical galaxy — possibly the host?
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23 GRB 050509B: X-Ray Image of Field
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Image courtesy
of C. Sarazin

Burst occurred in direction of two rich
clusters of galaxies that are merging



Image courtesy
of C. Sarazin

Probability of positional coincidence with large
elliptical galaxy at random place on sky ~ 10-3,
but in this direction probability is ~ 3 x 10-2
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GRB 050509B: HST Images

b C

HST image of GRB field HST image with giant elliptical
galaxy subtracted (48 sources
in XRT error circle)

Images courtesy of D. Fox



GRB 050709: HETE-2 Detection
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% GRB 050709: HETE-2 Localization
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;»v GRB 050709: Accurate Localization

L~

d HETE-2 IPC error circle on
Chandra image, showing
X-ray afterglow

 HST image showing optical
afterglow and host galaxy w.
Chandra X-ray error circle

Images courtesy of D. Fox
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] Discovery of X-ray afterglow led to discovery
of optical afterglow
] Host is dwarf irregular galaxy at z = 0.16

Hjorth et al. (2005)
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Movie of HST Images

Movie courtesy of D. Fox




050709: Panchromatic Studies

_ ¥

1000y

Radio

ical

| Jet break

10_3. 10_2 10_1 .....1..00 . 101 .
t (days)

D. Fox et al. (2005)



GRB 050709: “Solid Gold” Event

J Some observational “firsts™:
3 First observation of optical afterglow of short GRB
3 First secure identification of host galaxy
3 First secure measurement of distance to short GRB
d First determination of where in host galaxy burst occurred

J Implications

d Burst occurred in dwarf irregular galaxy undergoing some
star formation

d Energy and luminosity of this short GRB is ~ 103 times
smaller than for long GRBs
3 No supernova down to very faint limits (R > 27)

3 Properties of long, soft bump imply burst occurred in low-
density environment

O Prompt emission is jet-like




J BAT detected bright short GRB
;5; r Mﬂ i 2 Event had hard spike plus long,
Lol e o soft bump like GRB 050709
S  X-ray, optical, and radio
afterglows detected
- X-ray afterglow exhibited
M Fig. Ib - dramatic flaring activity

Barthelmy et al. (2005)



GRB 050724: X-Ray Afterglow
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- “// GRB 050724: Also a “Gold Plated” Burst

Magellan/PANIC 2005 July 27.147 Residual
K-band
2005 July 25.006

L] . - "

‘) " B 19.8 kpc

5" Zal

- Swift XRT detection of X-ray afterglow led to
discovery of optical afterglow and host galaxy

Berger et al. (2005)



GRB 050724 Host Galaxy
KeckiLGSAO/MNarrow Camera

K-Band

Red elliptical galaxy. .
z =0.258

L=16L.

SFR < 0.03 Mg, yr!
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Slide courtesy of D. Frail



Are Any Short GRBs
Extragalactic Giant Magnetar Flares?

 Signatures of SGR Giant Flares
D Very hard Spectrum (Epeak~ MeV) 100 T IIIIIII| T IIIIIII| T IIIIIIIr LLLLULLLL T IIIIII-§|-
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O Total energy <1047 erg

a Periodicity (if you're very lucky)

O Repetition (if you live long enough)
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J GRB050906 was suggested as a
candidate, based on the presence
of a bright (K~11) galaxy in error
box (Levan & Tanvir 2005)

100-300 keV FLUENCE/25-100 keV FLUENCE

 Energetics were plausible 01
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 Later analysis showed that spectrum
is far too soft

Slide courtesy of K. Hurley
d GRB051103 is now the only plausible

candidate



Key Questions Revisited

] How far away are they?

J How much energy do they release?
d Is the energy release isotropic or collimated?
d Are the central engines short- or long-lived?
3 Is there any non-relativistic ejecta?

 In what type of environments do they
occur?
O Host galaxy (+ offset)
3 Circumburst environment

] Precise positions made possible by
observations of long-lived afterglows is
the key in the case of long GRBs — and
now short GRBs




¥ Neutron Star-Neutron Star Mergers

LIK Astrophysical
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Rosswog et al. (2005); see also Ruffert & Janka (2001)
and Kobayashi, Laguna, and Rasio (2005)



Kobayashi, Laguna, and Rasio (in progress)
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3% Nucleosynthesis: r-Process Nuclei

] Tidal forces squeeze merging neutron star(s)
like a tube of toothpaste

J Nuclear matter is decompressed and ejected

J This process is expected to produce nuclei
far from the (3-decay instability

J Neutron-rich environment will lead to rapid
neutron capture

J Such a process can be expected to produce
r-process nuclei in observed mass range

1 Narrow abundance peaks corresponding to
neutron “magic” numbers are expected, as
observed




Corotating
MNeutron Stars
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To form a Black Hole

Gravitational radiation from an inspiral event

M; = My= 1.4 solar mass
Time = 0.15 seconds

Slide courtesy of D. Frail
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}// 2005: A Summer of Short GRBs

] Detection by HETE-2 and Swift of four short GRBs in
summer of 2005 (3 discussed here) have led to solution

of greatest remaining mystery of GRBs: The Nature of
short GRBs

 Follow-up observations at X-ray, optical, and radio
wavelengths have led to compelling evidence that short
GRBs come from merging compact binaries (as David
Eichler, Mario Livio, Tsvi Piran, and David Schramm
conjectured in 1989)

1 It is now clear that short GRBs will provide important
insights into formation and properties of compact binaries

- Short GRBs may well be a source of r-process nuclei (as
David Schramm and Jim Lattimer conjectured in 1974)

J Short GRBs are powerful sources of gravitational waves
and may well be the first gravitational wave sources
detected by advanced LIGO







Short GRB Milestones




222 Neutron Star-Neutron Star Mergers
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WELL-STUDIED SHORT BURSTS

DATE DETECTED z E.o» EVIDENCE E,.,
BY erg FOR keV
BEAMING?
790613 IPN 0.09?7*  6x10%° ? o
050509B Swift 0.2257* 2.7x1048 ? e
050709B HETE 0.16 3x104°  Yes; 0.25 84
rad
050813 Swift 0.722 1.7x10%0 ? 7
050906 Swift 0.031?* 1.2x10%7 ? o

*Based on probability argument
**Spectrum not fit to a Band model



