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Gammablitze Gravitationswellen GRB/NSNS

Kosmische Evolution im Kontext

Systematische Teilaspekte der Astronomie

• Beobachtungsmethoden

• Physikalische Modelle für Himmelsobjekte

• Änderungsprozesse bis hin zur kosmischen Evolution

. . . zur Einstimmung: aktuelles Beispiel verschmelzende
Neutronensterne
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Gammastrahlenausbrüche / Gammablitze

Vela-Satelliten, 1960er. Bild: NASA
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Optisches Gegenstück 1997

Abbildung 2 aus van Paradijs et al. 1997

GRB970228 assoziiert mit Aufleuchten in schwacher Galaxie,
nachgewiesen im sichtbaren – extragalaktisch, und damit sehr hell!

Überlegung: Gebündelte, nicht isotrope Abstrahlung?
Zum Einstieg: Gammablitze und GravitationswellenKnud Jahnke & Markus Pössel

http://adsabs.harvard.edu/abs/1997Natur.386..686V
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Erste Rotverschiebung 1997

Abbildung 1b aus Metzger et al. 1997

GRB970508 – erste Spektrallinien identifiziert, Rotverschiebung
gemessen, z = 0.835.

Entspricht Lichtlaufzeit von 7.2 Milliarden Jahren!
Zum Einstieg: Gammablitze und GravitationswellenKnud Jahnke & Markus Pössel

http://adsabs.harvard.edu/abs/1997Natur.387..878M
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Systematische Suche

Bild: NASA

Beispiel: NASA’s Compton Gamma Ray Observatory (1991 bis 2000)

BATSE-Instrument: Himmelsdurchmusterung nach Bursts, ca. 1 pro Tag.
Automatische Benachrichtigung zur Nachbeobachtung

Zum Einstieg: Gammablitze und GravitationswellenKnud Jahnke & Markus Pössel
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Zwei Populationen von GRBs
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Abb. 1a in Kouveliotou et al. 1993

Kurze und lange Gammablitze
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Modell: Jet, Wechselwirkung, Nachglühen

Bild: NASA

Grobes Modell eines Gammastrahlenausbruchs — aber was ist der “Antrieb”?
Zum Einstieg: Gammablitze und GravitationswellenKnud Jahnke & Markus Pössel
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Lange GRBs sind Hypernovae – 2003

Bild: ESO

Spektren und Vergleich von SN 2003h = GRB030323 mit SN1998bw: Hypernova!
Explosion besonders massereichen Sterns > 25 M�

Zum Einstieg: Gammablitze und GravitationswellenKnud Jahnke & Markus Pössel

https://www.eso.org/public/germany/news/eso0318/
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Kurze GRBs sind keine Hyper-/Supernovae – 2005

Bild: Fig. 2 aus Barthelmy et al. 2005

Swift, Chandra, optisch: GRB050724 in elliptischer Galaxie

keine rezente Sternentstehung⇒ keine Super-/Hypernovae!

Zum Einstieg: Gammablitze und GravitationswellenKnud Jahnke & Markus Pössel

http://adsabs.harvard.edu/abs/2005Natur.438..994B
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Kandidat kurze GRBs: NS-NS-Verschmelzung

Neutronensterne: extrem dichte
Sternüberreste massereicher
Sterne, > 8 M�

Neutronenmaterie, “erdgroßer
Atomkern”

Einige davon als kosmische
Leuchttürme = Pulsare sichtbar

Zum Einstieg: Gammablitze und GravitationswellenKnud Jahnke & Markus Pössel
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Kandidat kurze GRBs: NS-NS-Verschmelzung
The Astrophysical Journal Letters, 732:L6 (6pp), 2011 May 1 Rezzolla et al.

Figure 1. Snapshots at representative times of the evolution of the binary and of the formation of a large-scale ordered magnetic field. Shown with a color-code map is
the density, over which the magnetic-field lines are superposed. The panels in the upper row refer to the binary during the merger (t = 7.4 ms) and before the collapse
to BH (t = 13.8 ms), while those in the lower row to the evolution after the formation of the BH (t = 15.26 ms, t = 26.5 ms). Green lines sample the magnetic field
in the torus and on the equatorial plane, while white lines show the magnetic field outside the torus and near the BH spin axis. The inner/outer part of the torus has a
size of ∼90/170 km, while the horizon has a diameter of ≃9 km.

(indicated as M1.62-B12 in Giacomazzo et al. 2011). At this
separation, the binary loses energy and angular momentum via
emission of gravitational waves (GWs), thus rapidly proceeding
on tighter orbits as it evolves. After about 8 ms (∼3 orbits), the
two NSs merge forming a hypermassive NS (HMNS), namely,
a rapidly and differentially rotating NS, whose mass, 3.0 M⊙,
is above the maximum mass, 2.1 M⊙, allowed with uniform
rotation by our ideal-gas EOS8 with an adiabatic index of 2.
Being metastable, an HMNS can exist as long as it is able
to resist against collapse via a suitable redistribution of angu-
lar momentum (e.g., deforming into a “bar” shape; Shibata &
Taniguchi 2006; Baiotti et al. 2008), or through the pressure
support coming from the large temperature increase produced
by the merger. However, because the HMNS is also losing an-
gular momentum through GWs, its lifetime is limited to a few
ms, after which it collapses to a BH with mass M = 2.91 M⊙
and spin J/M2 = 0.81, surrounded by a hot and dense torus
with mass Mtor = 0.063 M⊙ (Giacomazzo et al. 2011).

8 The use of a simplified EOS does not particularly influence our results
besides determining the precise time when the HMNS collapses to a BH.

3. DYNAMICS OF MATTER AND MAGNETIC FIELDS

These stages of the evolution can be seen in Figure 1, which
shows snapshots of the density color-coded between 109 and
1010 g cm−3, and of the magnetic-field lines (green on the
equatorial plane and white outside the torus). Soon after the BH
formation the torus reaches a quasi-stationary regime, during
which the density has maximum values of ∼1011 g cm−3,
while the accretion rate settles to Ṁ ≃ 0.2 M⊙ s−1. Using
the measured values of the torus mass and of the accretion rate,
and assuming the latter will not change significantly, such a
regime could last for taccr = Mtor/Ṁ ≃ 0.3 s, after which the
torus is fully accreted; furthermore, if the two NSs have unequal
masses, tidal tails are produced which provide additional late-
time accretion (Rezzolla et al. 2010). This accretion timescale
is close to the typical observed SGRB durations (Kouveliotou
et al. 1993; Nakar 2007). It is also long enough for the
neutrinos produced in the torus to escape and annihilate in its
neighborhood; estimates of the associated energy deposition rate
range from ∼1048 erg s−1 (Dessart et al. 2009) to ∼1050 erg s−1

(Setiawan et al. 2004), thus leading to a total energy deposition

2

Bild: Rezzolla et al. 2011
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http://adsabs.harvard.edu/abs/2011ApJ...732L...6R
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Gravitationswellen

Wellenartige, lichtschnelle
Störungen (Analogie zu
elektromagnetischen Wellen)

Erstmals Einstein 1916 (aber:
Koordinateneffekt oder real?)

Nobelpreis 1993 für indirekten
Nachweis (Bild rechts)

Entstehen bei gewaltigen,
systematischen
Massenbewegungen:

”Gravitationswellen-Astronomie“!

No. 2, 2010 RELATIVISTIC BINARY PULSAR PSR B1913+16 1033

Figure 1. Timing residuals for PSR B1913+16. (a) Residuals from a fit for
data before mid-1992. The glitch in 2003 May can be recognized by a distinct
change in the slope of the residuals vs. time. The apparent change in mid-1992
is much smaller and may or may not involve a discrete event. (b) Residuals from
a fit of all data, holding astrometric and orbital parameters fixed at the values in
Tables 2 and 3; fitting for pulsar frequency and spin-down rate, f and ḟ ; and not
allowing for higher-order frequency derivatives or glitches. The glitch in 2003
May is evident as a sharp discontinuity. (c) Residuals from the full timing fit,
including higher-order frequency derivatives and the glitch.

1992), but in coming years the propagation delay should start
to become observable. Damour & Deruelle (1986) characterize
the measurable quantities as range r = (Gm2/c

3) and shape
s ≡ sin i of the Shapiro delay, where i is the orbital inclination.
As orbital precession carries our line of sight deeper into
the companion’s gravitational well, future observations should
permit the robust measurement of these two parameters, and
hence two additional tests of relativistic theories of gravity
(Damour 2009; Esposito-Farese 2009).

5. SYSTEMIC VELOCITY

Our pulsar’s proper motion measurement (Section 3.1), com-
bined with the distance estimate discussed in Section 3.3, corre-
sponds to a transverse velocity (with respect to the solar system
barycenter) of 75 km s−1 with a galactic position angle of 306◦,
i.e., directed 36◦ above the galactic plane. The ∼30% distance
uncertainty places similar limits on velocity accuracies.

We can now estimate two components of the pulsar systemic
velocity in its own standard of rest by combining the measured
pulsar transverse velocity and distance, the solar motion with
respect to our local standard of rest (Schönrich et al. 2010),
and galactic quantities R0 and Θ0. The third component of
motion, which is inaccessible via proper motion measurements,
lies close to the direction of Galactic rotation at the pulsar’s
position.

The pulsar’s galactic planar and polar velocity components
relative to its standard of rest are 247 km s−1 almost directly
away from the galactic center and 51 km s−1 toward the
galactic North Pole, respectively. (This is significantly larger
than the measured velocity in the solar system barycenter frame
because the pulsar’s standard of rest velocity fortuitously cancels
much of the pulsar’s peculiar velocity with respect to it.) The

Figure 2. Orbital decay caused by the loss of energy by gravitational radiation.
The parabola depicts the expected shift of periastron time relative to an
unchanging orbit, according to general relativity. Data points represent our
measurements, with error bars mostly too small to see.

systemic velocity of B1913+16 is significantly larger than other
well-measured double neutron star binary system velocities,
including the J0737−3037 (transverse velocity 10 km s−1; Stairs
et al. 2006), J1518+4905 (transverse velocity 25 km s−1; Janssen
et al. 2008), and B1534+12 (transverse velocity 122 km s−1;
Thorsett et al. 2005) systems.

6. CONCLUSIONS

We have analyzed the full set of Arecibo timing data on pulsar
B1913+16 to derive the best values of all measurable quantities.
A significant proper motion has finally been determined. A
small glitch was observed in the pulsar’s timing behavior, the
second known glitch in the population of recycled pulsars. The
measured rate of orbital period decay continues to be almost
precisely the value predicted by general relativity, providing
conclusive evidence for the existence of gravitational radiation.
Uncertainties in galactic accelerations now dominate the error
budget in Ṗb and are likely to do so until the pulsar distance
can be measured more accurately. We expect that the Shapiro
gravitational propagation delay will yield additional tests of
relativistic gravity within a few more years.

The three authors gratefully acknowledge financial support
from the US National Science Foundation. Arecibo Observatory
is operated by Cornell University under cooperative agreement
with the NSF. We thank Joseph Swiggum for assistance with
analyses of glitches in the pulsar population; and C. M. Ewers,4

A. de la Fuente, J. T. Green, and Z. Pei for assistance with
observations.
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Wirkung von Gravitationswellen

Wirkung auf kräftefrei im Weltraum schwebende Teilchen (extrem
stark übertrieben, tatsächliche Größenordnung relative
Abstandsänderungen h ∼ 10−21):
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Nachweis mit interferometrischem Detektor
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Nachweis mit interferometrischem Detektor
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Gravitationswellen-Nachweis
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Gravitationswellen

18.9.2015 –
12.1.2016: Advanced
LIGO erster

”observing run“ (O1),
vorher ”engineering
run“ für die
verbesserte Technik
u.a. aus Deutschland
(MPI für
Gravitationsphysik)

Bild: Caltech/MIT/LIGO Lab
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Störquellen limitieren die Messung

Bild: Caltech/MIT/LIGO Lab

Bild: Abb. 6 in Pitkin et al. 2011
Zum Einstieg: Gammablitze und GravitationswellenKnud Jahnke & Markus Pössel

https://ligo.caltech.edu/page/optics
http://relativity.livingreviews.org/Articles/lrr-2011-5/
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Advanced LIGO-Detektor-Layout

Abb. 1 in LIGO Scientific Collaboration 2014

Zum Einstieg: Gammablitze und GravitationswellenKnud Jahnke & Markus Pössel
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Suchen nach bekannten Signalen

Suche nach bekannten Signalen: Verschmelzende
Neutronensterne und/oder Schwarze Löcher. Problem:
Vollständige Raumzeitsimulationen nötig, numerische
Relativitätstheorie 11
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FIG. 12: Numerical simulation results for gravitational wave strain compared with post-Newtonian estimates. The waveform
shown is from the high resolution numerical simulation presented in Sec. II overlaid here with a PN waveform with 3.5PN order
phasing and 2.5PN order amplitude accuracy. The combined waveform, joined at t = −328M (circle) is applied in Sec. IV to
calculate signal-to-noise ratios for iLIGO, adLIGO, and LISA.

predicted frequency at a time in the simulation where
the accuracy of the numerical data first surpasses the
accuracy of the PN approximation, as estimated in [23].
Specifically, [23] predicts this point of equivalent accuracy
to occur at Mω ∼ 0.08, which corresponds to t = −328M
(shown by the circle in Fig. 12). It is worth noting that
there was no need to adjust the PN amplitude for con-
tinuity. The amplitude agreement with the numerical
simulation is so good, and hence the resulting amplitude
is so nearly continuous, that the small discontinuity fails
to produce any discernible artifacts in the Fourier trans-
form h̃(f) of the resulting waveform.

Having generated a waveform, it is informative to esti-
mate the waveform’s phasing accuracy over the course of
the BBH evolution. Note in Fig. 11 that for the portion
of our M/32 simulation that is used in the waveform,
we estimate ∼ 0.5 radians of phase error. If we take
the difference between 3 and 3.5 PN terms to be an es-
timate of the phase error as in [23], we can assess the
error for the PN portion of the waveform. It was shown
in [42] that the analytic PN phase expression accumu-
lates very little error, on the order of 0.1 radians, until
Mω ∼ 1 × 10−4. Beginning our numerical phase integra-
tion at this point and evaluating up to Mω = 0.08 yields
a gravitational wave phase error of ∼ 3.6 radians, such
that the total accumulated phase error over the entire
waveform is ∼ 4 radians. As stated previously, an ac-
cumulated waveform phasing error of less than π radians
is the threshold below which wave-matching comparisons
may be used for matched-filtering applications. We es-
timate that our combined waveform meets this criterion
after a frequency of about Mω ∼ 0.01 up to the ringdown
frequency, Mω ∼ 0.5. We therefore have a waveform with
sufficient accuracy to be useful as a template for gravi-
tational wave detection. While templates will ultimately
be needed for cases of greater astrophysical interest, and

still greater accuracy will be required for the template
to be useful for the purpose of parameter estimation, the
construction of this waveform illustrates that the field of
numerical relativity has matured to the point of being
capable of producing results that are useful for gravita-
tional wave data analysis.

The calculated waveform that we have just described
is actually the total strain on the equatorial plane, where
h× vanishes and therefore h+ provides the only contri-
bution. To get the optimally-oriented strain amplitude
(which is the total strain passing an observer on the equa-

torial axis), we multiply this result by 2
√

2, which is the
ratio of peak total gravitational wave amplitude to the
amplitude of h+ alone in the quadrupole approximation.
We then simply divide by

√
5 in order to convert to an

orientation-averaged waveform for our subsequent anal-
yses. This factor can be understood by observing that
orientation-averaging is fully equivalent to averaging over
all sky positions of the detector from the perspective of
the BBH, and such sky-averaging results in a factor 1/

√
5

in sensitivity [1].
The SNR is calculated assuming matched-filtering is

performed on the data, and that the waveforms are per-
fect copies of the embedded signal. In this case, the sky-
and waveform-polarization-averaged SNR is given by

< (SNR)2 >=

∫
d(ln f)

(
hchar(f)

hn(f)

)2

, (3)

where hchar(f) ≡ 2f
∣∣∣h̃(f)

∣∣∣ is the characteristic signal

strain and hn(f) ≡
√

5hrms(f) =
√

5fSn(f) is the rms

of the detector noise fluctuations multiplied by
√

5 for
sky-averaging, with h̃(f) and Sn(f) being the Fourier
transform of the signal strain and the power spectral den-
sity of the detector noise, respectively [1].

Bild: Baker et al.
2006

Simulationen erst ab 2005 stabil! (Frans Pretorius)
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Gravitationswellen-Nachweis

Signal vom 14.9.2015, veröffentlicht 11.2.2016.

properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9þ0.5

−0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.

PRL 116, 061102 (2016) P HY S I CA L R EV I EW LE T T ER S week ending
12 FEBRUARY 2016

061102-2
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Gravitationswellen-Nachweis

Interpretation (Vergleich mit Modellen): Verschmelzung zweier
Schwarzer Löcher

Schwarzloch-Masse 1 32 − 41 M�

Schwarzloch-Masse 2 25 − 33 M�

Endmasse 58 − 67 M�

Energie Gravitationswellen 2.5 − 3.5 M�c2

Abstand von uns 0.75 − 1.9 GLj
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Gravitationswellen-Nachweis

Seither:

12.10.2015 Kandidat, nicht sicher nachgewiesen

26.12.2015 GW151226, zwei Schwarze Löcher

30.11.2016 LIGO-Detektoren starten O2

4.1.2017 GW170104, zwei Schwarze Löcher

1.8.2017 Virgo schließt sich O2 an

14.8.2017 GW170814, Schwarze Löcher, 3 Detektoren

25.8.2017 Ende Beobachtungsdurchgang O2

3.10.2017 Physik-Nobelpreis für Weiss, Barish, Thorne

Zum Einstieg: Gammablitze und GravitationswellenKnud Jahnke & Markus Pössel
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12. August 2017

Bild: NASA

Fermi Gamma-Ray Space Telescope
(seit 2008)

Gamma Ray Burst Monitor überwacht
(sichtbaren) Himmel

17. August 2017, 12:41:06 UTC: kurzer
Gammablitz!
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GCN Notice

https://gcn.gsfc.nasa.gov/fermi grbs.html
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Gravitationswellen-Nachweis

Bild: LIGO
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Gravitationswellen-Nachweis

Bild: LIGO

Zum Einstieg: Gammablitze und GravitationswellenKnud Jahnke & Markus Pössel
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Gravitationswellen-Nachweis

Bild: LIGO Zum Einstieg: Gammablitze und GravitationswellenKnud Jahnke & Markus Pössel
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GCN Circular

https://gcn.gsfc.nasa.gov/fermi grbs.html
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Quelle lokalisieren

LIGO-Livingston, and Virgo data respectively, making it
the loudest gravitational-wave signal so far detected. Two
matched-filter binary-coalescence searches targeting
sources with total mass between 2 and 500 M⊙ in the
detector frame were used to estimate the significance of this
event [9,12,30,32,73,81–83,86,87,91–97]. The searches
analyzed 5.9 days of LIGO data between August 13,
2017 02∶00 UTC and August 21, 2017 01∶05 UTC.
Events are assigned a detection-statistic value that ranks
their probability of being a gravitational-wave signal. Each
search uses a different method to compute this statistic and
measure the search background—the rate at which detector
noise produces events with a detection-statistic value equal
to or higher than the candidate event.
GW170817 was identified as the most significant event

in the 5.9 days of data, with an estimated false alarm rate of
one in 1.1 × 106 years with one search [81,83], and a
consistent bound of less than one in 8.0 × 104 years for the
other [73,86,87]. The second most significant signal in this
analysis of 5.9 days of data is GW170814, which has a
combined SNR of 18.3 [29]. Virgo data were not used in
these significance estimates, but were used in the sky
localization of the source and inference of the source
properties.

IV. SOURCE PROPERTIES

General relativity makes detailed predictions for the
inspiral and coalescence of two compact objects, which

may be neutron stars or black holes. At early times, for low
orbital and gravitational-wave frequencies, the chirplike
time evolution of the frequency is determined primarily by
a specific combination of the component masses m1 and
m2, the chirp mass M ¼ ðm1m2Þ3=5ðm1 þm2Þ−1=5. As the
orbit shrinks and the gravitational-wave frequency grows
rapidly, the gravitational-wave phase is increasingly influ-
enced by relativistic effects related to the mass ratio
q ¼ m2=m1, where m1 ≥ m2, as well as spin-orbit and
spin-spin couplings [98].
The details of the objects’ internal structure become

important as the orbital separation approaches the size of
the bodies. For neutron stars, the tidal field of the
companion induces a mass-quadrupole moment [99,100]
and accelerates the coalescence [101]. The ratio of the
induced quadrupole moment to the external tidal field is
proportional to the tidal deformability (or polarizability)
Λ ¼ ð2=3Þk2½ðc2=GÞðR=mÞ&5, where k2 is the second Love
number and R is the stellar radius. Both R and k2 are fixed
for a given stellar massm by the equation of state (EOS) for
neutron-star matter, with k2 ≃ 0.05–0.15 for realistic neu-
tron stars [102–104]. Black holes are expected to have
k2 ¼ 0 [99,105–109], so this effect would be absent.
As the gravitational-wave frequency increases, tidal

effects in binary neutron stars increasingly affect the phase
and become significant above fGW ≃ 600 Hz, so they are
potentially observable [103,110–116]. Tidal deformabil-
ities correlate with masses and spins, and our measurements
are sensitive to the accuracy with which we describe
the point-mass, spin, and tidal dynamics [113,117–119].
The point-mass dynamics has been calculated within the
post-Newtonian framework [34,36,37], effective-one-body
formalism [10,120–125], and with a phenomenological
approach [126–131]. Results presented here are obtained
using a frequency domain post-Newtonian waveform
model [30] that includes dynamical effects from tidal
interactions [132], point-mass spin-spin interactions
[34,37,133,134], and couplings between the orbital angular
momentum and the orbit-aligned dimensionless spin com-
ponents of the stars χz [92].
The properties of gravitational-wave sources are inferred

by matching the data with predicted waveforms. We
perform a Bayesian analysis in the frequency range
30–2048 Hz that includes the effects of the 1σ calibration
uncertainties on the received signal [135,136] (< 7% in
amplitude and 3° in phase for the LIGO detectors [137] and
10% and 10° for Virgo at the time of the event). Unless
otherwise specified, bounds on the properties of
GW170817 presented in the text and in Table I are 90%
posterior probability intervals that enclose systematic
differences from currently available waveform models.
To ensure that the applied glitch mitigation procedure

previously discussed in Sec. II (see Fig. 2) did not bias the
estimated parameters, we added simulated signals with
known parameters to data that contained glitches analogous
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FIG. 3. Sky location reconstructed for GW170817 by a rapid
localization algorithm from a Hanford-Livingston (190 deg2,
light blue contours) and Hanford-Livingston-Virgo (31 deg2,
dark blue contours) analysis. A higher latency Hanford-Living-
ston-Virgo analysis improved the localization (28 deg2, green
contours). In the top-right inset panel, the reticle marks the
position of the apparent host galaxy NGC 4993. The bottom-right
panel shows the a posteriori luminosity distance distribution
from the three gravitational-wave localization analyses. The
distance of NGC 4993, assuming the redshift from the NASA/
IPAC Extragalactic Database [89] and standard cosmological
parameters [90], is shown with a vertical line.
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Quelle lokalisieren

In the mid-1960s, gamma-ray bursts (GRBs) were discovered
by the Vela satellites, and their cosmic origin was first established
by Klebesadel et al. (1973). GRBs are classified as long or short,
based on their duration and spectral hardness(Dezalay et al. 1992;
Kouveliotou et al. 1993). Uncovering the progenitors of GRBs
has been one of the key challenges in high-energy astrophysics
ever since(Lee & Ramirez-Ruiz 2007). It has long been
suggested that short GRBs might be related to neutron star
mergers (Goodman 1986; Paczynski 1986; Eichler et al. 1989;
Narayan et al. 1992).

In 2005, the field of short gamma-ray burst (sGRB) studies
experienced a breakthrough (for reviews see Nakar 2007; Berger
2014) with the identification of the first host galaxies of sGRBs
and multi-wavelength observation (from X-ray to optical and
radio) of their afterglows (Berger et al. 2005; Fox et al. 2005;
Gehrels et al. 2005; Hjorth et al. 2005b; Villasenor et al. 2005).
These observations provided strong hints that sGRBs might be
associated with mergers of neutron stars with other neutron stars
or with black holes. These hints included: (i) their association with
both elliptical and star-forming galaxies (Barthelmy et al. 2005;
Prochaska et al. 2006; Berger et al. 2007; Ofek et al. 2007; Troja
et al. 2008; D’Avanzo et al. 2009; Fong et al. 2013), due to a very
wide range of delay times, as predicted theoretically(Bagot et al.
1998; Fryer et al. 1999; Belczynski et al. 2002); (ii) a broad
distribution of spatial offsets from host-galaxy centers(Berger
2010; Fong & Berger 2013; Tunnicliffe et al. 2014), which was
predicted to arise from supernova kicks(Narayan et al. 1992;
Bloom et al. 1999); and (iii) the absence of associated
supernovae(Fox et al. 2005; Hjorth et al. 2005c, 2005a;
Soderberg et al. 2006; Kocevski et al. 2010; Berger et al.
2013a). Despite these strong hints, proof that sGRBs were
powered by neutron star mergers remained elusive, and interest
intensified in following up gravitational-wave detections electro-
magnetically(Metzger & Berger 2012; Nissanke et al. 2013).

Evidence of beaming in some sGRBs was initially found by
Soderberg et al. (2006) and Burrows et al. (2006) and confirmed

by subsequent sGRB discoveries (see the compilation and
analysis by Fong et al. 2015 and also Troja et al. 2016). Neutron
star binary mergers are also expected, however, to produce
isotropic electromagnetic signals, which include (i) early optical
and infrared emission, a so-called kilonova/macronova (hereafter
kilonova; Li & Paczyński 1998; Kulkarni 2005; Rosswog 2005;
Metzger et al. 2010; Roberts et al. 2011; Barnes & Kasen 2013;
Kasen et al. 2013; Tanaka & Hotokezaka 2013; Grossman et al.
2014; Barnes et al. 2016; Tanaka 2016; Metzger 2017) due to
radioactive decay of rapid neutron-capture process (r-process)
nuclei(Lattimer & Schramm 1974, 1976) synthesized in
dynamical and accretion-disk-wind ejecta during the merger;
and (ii) delayed radio emission from the interaction of the merger
ejecta with the ambient medium (Nakar & Piran 2011; Piran et al.
2013; Hotokezaka & Piran 2015; Hotokezaka et al. 2016). The
late-time infrared excess associated with GRB 130603B was
interpreted as the signature of r-process nucleosynthesis (Berger
et al. 2013b; Tanvir et al. 2013), and more candidates were
identified later (for a compilation see Jin et al. 2016).
Here, we report on the global effort958 that led to the first joint

detection of gravitational and electromagnetic radiation from a
single source. An ∼ 100 s long gravitational-wave signal
(GW170817) was followed by an sGRB (GRB 170817A) and
an optical transient (SSS17a/AT 2017gfo) found in the host
galaxy NGC 4993. The source was detected across the
electromagnetic spectrum—in the X-ray, ultraviolet, optical,
infrared, and radio bands—over hours, days, and weeks. These
observations support the hypothesis that GW170817 was
produced by the merger of two neutron stars in NGC4993,
followed by an sGRB and a kilonova powered by the radioactive
decay of r-process nuclei synthesized in the ejecta.

Figure 1. Localization of the gravitational-wave, gamma-ray, and optical signals. The left panel shows an orthographic projection of the 90% credible regions from
LIGO (190 deg2; light green), the initial LIGO-Virgo localization (31 deg2; dark green), IPN triangulation from the time delay between Fermi and INTEGRAL (light
blue), and Fermi-GBM (dark blue). The inset shows the location of the apparent host galaxy NGC 4993 in the Swope optical discovery image at 10.9 hr after the
merger (top right) and the DLT40 pre-discovery image from 20.5 days prior to merger (bottom right). The reticle marks the position of the transient in both images.

958 A follow-up program established during initial LIGO-Virgo observations
(Abadie et al. 2012) was greatly expanded in preparation for Advanced LIGO-
Virgo observations. Partners have followed up binary black hole detections,
starting with GW150914 (Abbott et al. 2016a), but have discovered no firm
electromagnetic counterparts to those events.
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Zeitleiste der GCN Circulars

Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).
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Weltweit 70 Teleskope

Bild: LIGO
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Die Quelle verblasst

Hubble-Weltraumteleskop – Bild: NASA/ESA
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Von Blau zu Rot

Bild: Tanvir et al.
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Vergleich mit Modell
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Vergleich Modell und Beobachtungen

Figure 3: Kilonova model compared to the AT 2017gfo spectra. X-shooter spectra (black line)

at the first four epochs and kilonova models: dynamical ejecta (Ye = 0.1 � 0.4, orange), wind

region with proton fraction Ye = 0.3 (blue) and Ye = 0.25 (green). The red curve represents the

sum of the three model components.

35

Bild: Abb. 3 aus Pian et al. 2017

Modell ist Summe von: herausgeschleuderte Teilchen (orange), Wind mit
höherem (blau) und niedrigerem (grün) Protonenanteil, im Vergleich mit
X-SHOOTER (VLT/ESO, schwarz)
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Erzeugung schwerer Elemente

Periodic table showing origin of elements in the Solar System, based on data by Jennifer Johnson at Ohio State University
via Wikimedia Commons unter Lizenz CC BY-SA 4.0

Gesamtproduktion: 16 000 Erdmassen schwere Elemente, ca. 10 Erdmassen
Gold/Platin
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Massenabschätzung

From M and q, we obtain a measure of the component
masses m1 ∈ ð1.36; 2.26ÞM⊙ and m2 ∈ ð0.86; 1.36ÞM⊙,
shown in Fig. 4. As discussed in Sec. I, these values are
within the range of known neutron-star masses and below
those of known black holes. In combination with electro-
magnetic observations, we regard this as evidence of the
BNS nature of GW170817.
The fastest-spinning known neutron star has a dimension-

less spin≲0.4 [153], and the possible BNS J1807-2500B has
spin≲0.2 [154], after allowing for a broad range of equations
of state. However, among BNS that will merge within a
Hubble time, PSR J0737-3039A [155] has the most extreme
spin, less than ∼0.04 after spin-down is extrapolated to
merger. If we restrict the spin magnitude in our analysis to
jχj ≤ 0.05, consistent with the observed population, we
recover the mass ratio q ∈ ð0.7; 1.0Þ and component masses
m1 ∈ ð1.36;1.60ÞM⊙ andm2 ∈ ð1.17; 1.36ÞM⊙ (see Fig. 4).
We also recover χeff ∈ ð−0.01; 0.02Þ, where the upper limit
is consistent with the low-spin prior.
Our first analysis allows the tidal deformabilities of the

high-mass and low-mass component, Λ1 and Λ2, to vary
independently. Figure 5 shows the resulting 90% and
50% contours on the posterior distribution with the
post-Newtonian waveform model for the high-spin and

low-spin priors. As a comparison, we show predictions
coming from a set of candidate equations of state for
neutron-star matter [156–160], generated using fits from
[161]. All EOS support masses of 2.01# 0.04M⊙.
Assuming that both components are neutron stars described
by the same equation of state, a single function ΛðmÞ is
computed from the static l ¼ 2 perturbation of a Tolman-
Oppenheimer-Volkoff solution [103]. The shaded regions in
Fig. 5 represent the values of the tidal deformabilitiesΛ1 and
Λ2 generated using an equation of state from the 90% most
probable fraction of the values ofm1 andm2, consistent with
the posterior shown in Fig. 4. We find that our constraints on
Λ1 and Λ2 disfavor equations of state that predict less
compact stars, since the mass range we recover generates
Λ values outside the 90% probability region. This is con-
sistent with radius constraints from x-ray observations of
neutron stars [162–166]. Analysis methods, in development,
that a priori assume the same EOS governs both stars should
improve our constraints [167].
To leading order in Λ1 and Λ2, the gravitational-wave

phase is determined by the parameter

~Λ ¼ 16

13

ðm1 þ 12m2Þm4
1Λ1 þ ðm2 þ 12m1Þm4

2Λ2

ðm1 þm2Þ5
ð1Þ

[101,117]. Assuming a uniform prior on ~Λ, we place a 90%
upper limit of ~Λ ≤ 800 in the low-spin case and ~Λ ≤ 700 in
the high-spin case. We can also constrain the functionΛðmÞ
more directly by expanding ΛðmÞ linearly about m ¼
1.4M⊙ (as in [112,115]), which gives Λð1.4M⊙Þ ≤ 1400
for the high-spin prior and Λð1.4M⊙Þ ≤ 800 for the low-
spin prior. A 95% upper bound inferred with the low-spin
prior, Λð1.4M⊙Þ ≤ 970, begins to compete with the 95%
upper bound of 1000 derived from x-ray observations
in [168].
Since the energy emitted in gravitational waves depends

critically on the EOS of neutron-star matter, with a wide
range consistent with constraints above, we are only able to
place a lower bound on the energy emitted before the onset
of strong tidal effects at fGW∼600Hz asErad > 0.025M⊙c2.
This is consistent with Erad obtained from numerical
simulations and fits for BNS systems consistent with
GW170817 [114,169–171].
We estimate systematic errors from waveform modeling

by comparing the post-Newtonian results with parameters
recovered using an effective-one-body model [124] aug-
mented with tidal effects extracted from numerical relativity
with hydrodynamics [172]. This does not change the
90% credible intervals for component masses and effective
spin under low-spin priors, but in the case of high-spin priors,
we obtain the more restrictive m1 ∈ ð1.36; 1.93ÞM⊙, m2 ∈
ð0.99; 1.36ÞM⊙, and χeff ∈ ð0.0; 0.09Þ. Recovered tidal
deformabilities indicate shifts in the posterior distributions
towards smaller values, with upper bounds for ~Λ and
Λð1.4M⊙Þ reduced by a factor of roughly (0.8, 0.8) in the

FIG. 4. Two-dimensional posterior distribution for the compo-
nent massesm1 andm2 in the rest frame of the source for the low-
spin scenario (jχj < 0.05, blue) and the high-spin scenario
(jχj < 0.89, red). The colored contours enclose 90% of the
probability from the joint posterior probability density function
for m1 and m2. The shape of the two dimensional posterior is
determined by a line of constant M and its width is determined
by the uncertainty inM. The widths of the marginal distributions
(shown on axes, dashed lines enclose 90% probability away from
equal mass of 1.36M⊙) is strongly affected by the choice of spin
priors. The result using the low-spin prior (blue) is consistent with
the masses of all known binary neutron star systems.
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Eigenschaften Neutronenmaterie

low-spin case and (1.0, 0.7) in the high-spin case. Further
analysis is required to establish the uncertainties of these
tighter bounds, and a detailed studyof systematics is a subject
of ongoing work.
Preliminary comparisons with waveform models under

development [171,173–177] also suggest the post-
Newtonian model used will systematically overestimate
the value of the tidal deformabilities. Therefore, based on
our current understanding of the physics of neutron stars,
we consider the post-Newtonian results presented in this
Letter to be conservative upper limits on tidal deform-
ability. Refinements should be possible as our knowledge
and models improve.

V. IMPLICATIONS

A. Astrophysical rate

Our analyses identified GW170817 as the only BNS-
mass signal detected in O2 with a false alarm rate below
1=100 yr. Using a method derived from [27,178,179], and
assuming that the mass distribution of the components of
BNS systems is flat between 1 and 2 M⊙ and their
dimensionless spins are below 0.4, we are able to infer
the local coalescence rate density R of BNS systems.
Incorporating the upper limit of 12600 Gpc−3 yr−1 from O1
as a prior, R ¼ 1540þ3200

−1220 Gpc−3 yr−1. Our findings are

consistent with the rate inferred from observations of
galactic BNS systems [19,20,155,180].
From this inferred rate, the stochastic background of

gravitational wave s produced by unresolved BNS mergers
throughout the history of the Universe should be compa-
rable in magnitude to the stochastic background produced
by BBH mergers [181,182]. As the advanced detector
network improves in sensitivity in the coming years, the
total stochastic background from BNS and BBH mergers
should be detectable [183].

B. Remnant

Binary neutron star mergers may result in a short- or long-
lived neutron star remnant that could emit gravitational
waves following the merger [184–190]. The ringdown of
a black hole formed after the coalescence could also produce
gravitational waves, at frequencies around 6 kHz, but the
reduced interferometer response at high frequencies makes
their observation unfeasible. Consequently, searches have
been made for short (tens of ms) and intermediate duration
(≤ 500 s) gravitational-wave signals from a neutron star
remnant at frequencies up to 4 kHz [75,191,192]. For the
latter, the data examined start at the time of the coalescence
and extend to the end of the observing run on August 25,
2017. With the time scales and methods considered so far
[193], there is no evidence of a postmerger signal of

FIG. 5. Probability density for the tidal deformability parameters of the high and low mass components inferred from the detected
signals using the post-Newtonian model. Contours enclosing 90% and 50% of the probability density are overlaid (dashed lines). The
diagonal dashed line indicates the Λ1 ¼ Λ2 boundary. The Λ1 and Λ2 parameters characterize the size of the tidally induced mass
deformations of each star and are proportional to k2ðR=mÞ5. Constraints are shown for the high-spin scenario jχj ≤ 0.89 (left panel) and
for the low-spin jχj ≤ 0.05 (right panel). As a comparison, we plot predictions for tidal deformability given by a set of representative
equations of state [156–160] (shaded filled regions), with labels following [161], all of which support stars of 2.01M⊙. Under the
assumption that both components are neutron stars, we apply the function ΛðmÞ prescribed by that equation of state to the 90% most
probable region of the component mass posterior distributions shown in Fig. 4. EOS that produce less compact stars, such as MS1 and
MS1b, predict Λ values outside our 90% contour.
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Hubble-Konstante
3

The measurement of the GW polarization is cru-
cial for inferring the binary inclination. This in-
clination, ◆, is defined as the angle between the
line of sight vector from the source to the detec-
tor and the orbital angular momentum vector of
the binary system. For electromagnetic (EM) phe-
nomena it is typically not possible to tell whether a
system is orbiting clockwise or counter-clockwise
(or, equivalently, face-on or face-off), and sources
are therefore usually characterized by a viewing
angle: min (◆, 180� � ◆). By contrast, GW mea-
surements can identify the sense of the rotation,
and thus ◆ ranges from 0 (counter-clockwise) to
180 deg (clockwise). Previous GW detections by
LIGO had large uncertainties in luminosity dis-
tance and inclination (Abbott et al. 2016a) because
the two LIGO detectors that were involved are
nearly co-aligned, preventing a precise polariza-
tion measurement. In the present case, thanks to
Virgo as an additional detector, the cosine of the
inclination can be constrained at 68.3% (1�) con-
fidence to the range [�1.00,�0.81] corresponding
to inclination angles between [144, 180] deg. This
implies that the plane of the binary orbit is almost,
but not quite, perpendicular to our line of sight
to the source (◆ ⇡ 180 deg), which is consistent
with the observation of a coincident GRB (LVC,
GBM, & INTEGRAL 2017 in prep.; Goldstein et
al. 2017, ApJL, submitted; Savchenko et al. 2017,
ApJL, submitted). We report inferences on cos ◆
because our prior for it is flat, so the posterior is
proportional to the marginal likelihood for it from
the GW observations.

EM follow-up of the GW sky localization re-
gion (Abbott et al. 2017c) discovered an opti-
cal transient (Coulter et al. 2017; Soares-Santos
et al. 2017; Valenti et al. 2017; Arcavi et al. 2017;
Tanvir et al. 2017; Lipunov et al. 2017) in close
proximity to the galaxy NGC 4993. The location
of the transient was previously observed by the
Distance Less Than 40 Mpc (DLT40) survey on
2017 July 27.99 UT and no sources were found
(Valenti et al. 2017). We estimate the probability

Figure 1. GW170817 measurement of H0. Marginal-
ized posterior density for H0 (blue curve). Constraints
at 1- and 2� from Planck (Planck Collaboration et al.
2016) and SHoES (Riess et al. 2016) are shown in
green and orange. The maximum a posteriori value
and minimal 68.3% credible interval from this PDF is
H0 = 70.0+12.0

�8.0 km s�1 Mpc�1. The 68.3% (1�) and
95.4% (2�) minimal credible intervals are indicated by
dashed and dotted lines.

of a random chance association between the opti-
cal counterpart and NGC 4993 to be 0.004% (see
the Methods section for details). In what follows
we assume that the optical counterpart is associ-
ated with GW170817, and that this source resides
in NGC 4993.

To compute H0 we need to estimate the back-
ground Hubble flow velocity at the position of
NGC 4993. In the traditional electromagnetic cal-
ibration of the cosmic “distance ladder” (Freed-
man et al. 2001), this step is commonly carried
out using secondary distance indicator informa-
tion, such as the Tully-Fisher relation (Sakai et al.
2000), which allows one to infer the background
Hubble flow velocity in the local Universe scaled
back from more distant secondary indicators cal-
ibrated in quiet Hubble flow. We do not adopt
this approach here, however, in order to preserve
more fully the independence of our results from
the electromagnetic distance ladder. Instead we
estimate the Hubble flow velocity at the position

Bild: LIGO/Virgo, A gravitational-wave standard siren measurement of the Hubble constant, Nature 2017
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Gammablitze Gravitationswellen GRB/NSNS

Zusammenfassung

• kurze Gammablitze sind verschmelzende Neutronensterne!

• verschmelzende Neutronensterne verantwortlich für schwere
Elemente

• Gravitationswellen haben in der Tat Lichtgeschwindigkeit

• Kosmische Entfernungsleiter ist OK

• Neutronensterne am kompakten Ende der Skala
(Zustandsgleichung)

Unerwartet:

• Gammablitz schräg von der Seite

• Absorptionseigenschaften der Kernmaterie?

Zum Einstieg: Gammablitze und GravitationswellenKnud Jahnke & Markus Pössel



Gammablitze Gravitationswellen GRB/NSNS

Die Rolle der kosmischen Evolution

• GRB970508: Hubble-Relation erlaubt Rückschluss von
Rotverschiebung auf Entfernung

• GRB030323: Super-/Hypernovae als Stern-Endzustände

• GRB050724: Wichtig, dass keine Sternentstehung in elliptischen
Galaxien

• Doppel-Neutronensterne: wie häufig?

• Neues zur chemischen Evolution im Universum!

• NSNS-Verschmelzungen erlauben Bestimmung der
Hubblekonstante

Zum Einstieg: Gammablitze und GravitationswellenKnud Jahnke & Markus Pössel
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