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Indirect Dark Matter Searches 

Dark matter annihilation 

Detect  
gamma  

rays  

Production at colliders 

Advantage: Neutral cosmic rays (gamma-rays) are not affected by 
interstellar & intergalactic magnetic fields (point back to source) 
Complementary to indirect dark matter searches at colliders 

χ	

χ	
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Dark Matter Annihilation/Decay search 
dΦγ

dE
=
dΦγ

PP

dE
J (Ω)

J (Ω) = ρ 2 (r )dr dΩ
los
∫

Ω
∫

Expected gamma-ray flux: 

Particle Physics factor: 
photons per annhilation/decay 

dΦγ
PP

dE
=

σ annv
8πmDM

2

dNγ

dE

Astrophysical factor: 
line-of-site integral of  

Dark Matter distribution 

dΦγ
PP

dE
=

1
4πmDMτ DM

dNγ

dE
J (Ω) = ρ(r )dr dΩ

los
∫

Ω
∫

Annihilation  

Decay  

Perform a likelihood fit on the measured gamma-ray flux 
Produce 95% CL limits on: 
•  <σann ν> : thermally averaged annihilation cross section 
•  τDM : DM particle decay life-time 
as a function of the dark matter particle mass mDM  
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Dark Matter: Astrophysical Sources 

•  Galactic Center (large astrophysical background,  
                                best visible from Southern Hemisphere) 
•  Galactic Halo 
•  Galaxy Clusters & Globular Clusters 
•  Dwarf Spheroidal galaxies 

ideal candidates  
for MAGIC 

Dwarf Spheroidal Galaxy 

Fornax 

ESO/Digital Sky Survey 2 
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DM Searches with MAGIC 

• Dwarf Spheroidal galaxies: are among the most Dark Matter  
  dominated structures in the Universe 
  They represent one of the best trade-off between:  
   - large values of the J-factor & reduced uncertainties  
      associated to the DM profiles 
   - reduced gamma-ray contamination of astrophysical origin  
     (no star formation) 
→ Ideal for Dark Matter Annihilation searches 
 
• Galaxy Clusters: largest & most massive gravitationally bound  
  systems in the Universe. Total masses 1014 - 1015 M! "

  (5% galaxies, 15% gas & 80% dark matter) 
→ Ideal for Dark Matter Decay searches 
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MAGIC Dark Matter Searches:  
Mono mode (Single Telescope) 

Galactic Center 
(17 h):  ApJ Lett. 638 (2006) L101 
 
Galaxy Clusters 
Perseus (25 h): ApJ 710 (2010) 634 
 
Dwarf Spheroidals 
Segue I (30 h): JCAP 06 (2011) 035 
Willman I (16 h): ApJ 696 (2009) 1299 
Draco (8 h): ApJ 679 (2008) 428 

<σv> ~ 10-22 cm3s-1 excluded ( mDM= 1TeV to bb-bar) 

Best mono constrains come from Segue I 

Thermal relic cross section 
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DM Searches in Stereoscopic mode: 
Segue I 

• One of the most dark matter  
dominated object known so far 
• The least luminous galaxy 
• Close by 
• no astrophysical background 
• Northern Hemisphere 
 
• 158 h of data taken between 
January 2011-February 2013 
 
Longest observation of a dSph 
with Cherenkov Telescopes 

Dwarf Spheroidal Segue I 

Coordinates 10h 07m 04s 

+16° 04’ 55’’ 
Distance 23±2 kpc 
Number of resolved stars 71 
Magnitude 
Apparent magnitude 13.8±0.5 
Luminosity 340 L! 

Mass M! 
M/L ~3400 M!/L! 

Half-light radius pc 
System velocity 208.5±0.9 km/s 
Velocity dispersion km/s 
Mean [Fe/H] -2.5 

−1.5
−0.8
+0.6

29
−5
+8

3.7
−1.1
+1.4

5.8
−3.1
+8.2 ×105
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Segue I: Dark Matter annihilation  
with secondary photons 

JCAP 02 (2014) 008 

Thermal relic cross section 

<σv> ~ 10-23 cm3s-1 excluded ( mDM= 1TeV to bb-bar) 
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Fermi-LAT 
4 yrs, 15 dSphs 

VERITAS 
48h Segue I 

H.E.S.S. 
112h, Galatic Center 

MAGIC mono  
30h Segue I 

MAGIC stereo  
158 h Segue I 

Segue I: DM annihilation to b quarks 
JCAP 02 (2014) 008 

Best limits from Galactic Center but uncertainties are large 

χχ → bb
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MAGIC + Fermi-LAT Dwarf 
Combination 

χχ → τ +−τ −−

JCAP 02 (2016) 039 

χχ → µ+µ−
χχ →W +W −

χχ → µ+µ−χχ → τ +−τ −−

χχ →W +W −
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Segue I: Dark Matter Decay lifetime 

τχ ≤ 2#1025 s excluded 

JCAP 02 (2014) 008 
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Segue I: Dark Matter Decay into leptons 

JCAP 02 (2014) 008 

VERITAS 
48h Segue I 

Fermi-LAT,  
2 yrs isotropic data 

PAMELA fit  
positron excess 

� In general, dSphs are suboptimal targets for decaying dark 
matter searches	

Strongest limits from Cherenkov Telescopes 

Dwarfs are suboptimal targets for decaying dark matter searches 

χ → µ+µ− χ → τ +−τ −−

MAGIC  
158 h, Segue I MAGIC  

158 h, Segue I 

Fermi-LAT 
2 yrs isotropic data 

VERITAS 
48h Segue I 
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Search for DM in the Galaxy Cluster 
Perseus (Stereoscopic mode) 

Search for DM in a ring:  
0.2° < θ < 0.35°  
to avoid astrophysical 
contamination from  
NGC 1275 

Expected Dark Matter Halo 

0.35° 

0.2° 

MAGIC has observed 
Perseus for ~ 250 h 
 
First preliminary results 
with a sample of 12 h 

→ Ideal for Dark Matter Decay searches 
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Perseus: Upper Limits  
on DM particle decay lifetime 

Full dataset: expect factor 4 improvement 

Sensitive to τ~ 8·1025 seconds  

Perseus better limits than Segue I 

χ → bb

χ → τ +−τ −−

χ → τ +−τ −−

χ → bb MAGIC 
Perseus 12 h 

Fermi-LAT 
Galactic Center 

MAGIC 
Segue 158 h 

MAGIC 
Perseus 250 h 

MAGIC 
Perseus 12 h 

MAGIC 
Perseus 12 h 



  

 
 
Figure 3. The positron, proton, and antiproton spectra have identical momentum dependence from 

60 to 500 GeV.  The electron spectrum exhibits a totally different behavior, it decreases much more rapidly 
with increasing momentum. 

 
There has been much interest over the last few decades in understanding the origin 

and nature of dark matter.  When particles of dark matter collide, they produce energy that 
transforms into ordinary particles, such as positrons and antiprotons.  The characteristic 
signature of dark matter is an increase with energy followed by a sharp drop off at the mass 
of dark matter as well as an isotropic distribution of the arrival directions of the excess 
positrons and antiprotons.   
 
  Figure 4 shows the latest results from AMS on the positron flux.  As seen from 
the figure, after rising from 8 GeV above the rate expected from cosmic ray collisions, the 
spectrum exhibits a sharp drop off at high energies in excellent agreement with the dark 
matter model predictions with a mass of ~1 TeV.  There is great interest in the physics 
community on the AMS measurements of elementary particles.  For example, an alternative 
speculation for positron spectrum is that this rise and drop off may come from new 
astrophysical phenomena such as pulsars.   
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AMS positron excess

 
 

Figure 4.  The current AMS positron flux measurement compared with theoretical models. 
 

AMS has also studied the antiproton to proton ratio.  The excess in antiprotons 
observed by AMS cannot easily be explained as coming from pulsars but can be explained 
by dark matter collisions or by other new astrophysics models.  Antiprotons are very rare in 
the cosmos.  There is only one antiproton in 10,000 protons therefore a precision experiment 
requires a background rejection close to 1 in a million.  It has taken AMS five years of 
operations to obtain a clean sample of 349,000 antiprotons.  Of these, AMS has identified 
2200 antiprotons with energies above 100 billion electron volts.  Experimental data on 
cosmic ray antiprotons are crucial for understanding the origin of antiprotons in the cosmos 
and for providing insight into new physics phenomena.    

 
Protons are the most abundant particles in cosmic rays.  AMS has measured the 

proton flux to an accuracy of 1% with 300 million protons and found that the proton flux 
cannot be described by a single power law, as had been assumed for decades, and that the 
proton spectral index changes with momentum.   

 
AMS contains seven instruments (shown in Appendix II) with which to 

independently identify different elementary particles as well as nuclei. Helium, lithium, 
carbon, oxygen and heavier nuclei up to iron have been studied by AMS.  It is believed that 
helium, carbon and oxygen were produced directly from primary sources in supernova 
remnants whereas lithium, beryllium and boron are believed to be produced from the 
collision of primary cosmic rays with the interstellar medium.  Primary cosmic rays carry 
information about their original spectra and propagation, and secondary cosmic rays carry 
information about the propagation of primary and secondary cosmic rays and the interstellar 
medium. 
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The origin of the positron excess in cosmic rays

Pasquale Blasi
INAF/Osservatorio Astrofisico di Arcetri, Largo E. Fermi, 5 50125 Firenze (Italy)

(Dated: May 10, 2009)

We show that the positron excess measured by the PAMELA experiment in the region between
10 and 100 GeV may well be a natural consequence of the standard scenario for the origin of
Galactic cosmic rays. The ’excess’ arises because of positrons created as secondary products of
hadronic interactions inside the sources, but the crucial physical ingredient which leads to a natural
explanation of the positron flux is the fact that the secondary production takes place in the same
region where cosmic rays are being accelerated. Therefore secondary positrons (and electrons)
participate in the acceleration process and turn out to have a very flat spectrum, which is responsible,
after propagation in the Galaxy, for the observed positron ’excess’. This e!ect cannot be avoided
though its strength depends on the values of the environmental parameters during the late stages
of evolution of supernova remnants.

The PAMELA satellite began its three-year mission
in June of 2006, and among its goals there was that
of measuring the spectra of cosmic ray positrons up to
270 GeV and electrons up to 2 TeV, each with unprece-
dented precision [1]. Recent results [2] show that the ra-
tio of positrons to electrons plus positrons (the so-called
positron fraction) in the cosmic ray spectrum appears
to rise with energy, at least up to ! 100 GeV, as al-
ready found by previous experiments, including HEAT
[3] and AMS-01 [4], although with smaller statistical sig-
nificance. The clear discrepancy between the observed
positron fraction and the predictions of the standard
model for the origin and propagation of cosmic rays in
the Galaxy, led to many possible explanations, ranging
from the annihilation of non-baryonic dark matter [5] to
the possibility that new astrophysical sources, especially
pulsars [6], could provide the additional positron flux. It
is worth recalling that both lines of thought lead to the
“correct” spectral slope rather naturally, but they are
very di!erent in terms of providing the correct normal-
ization of the positron fluxes. The dark matter interpre-
tation typically requires large, and somewhat artificial,
annihilation rates. Such large rates could, in principle,
result from dark matter possessing an annihilation cross
section in excess of the value predicted for a simple s-wave
thermal relic (!v " 3 # 10!26cm3/sec), for example due
to the Sommerfeld e!ect [7], or from non thermal WIMPs
[8]. In the case of pulsars on the other hand, the energetic
requirements appear to be all but extreme, although an
e"ciency factor needs to be introduced by hand [6], and
the mechanisms for escape of the pairs from the pulsar
environment are basically unknown.

At this point it is useful to recall what are the pre-
dictions for the positron flux of the so-called ’standard
model’ of the cosmic ray propagation in the Galaxy: cos-
mic rays are assumed to be accelerated in astrophysi-
cal sources, such as supernova remnants (SNRs), with a
source spectrum NCR(E) $ E!! (throughout the paper
we adopt the convention that for any particle distribution
function f one has 4"p2f(p)dp = f(E)dE). The power
law behaviour, in the case of SNRs, naturally arises from
di!usive shock acceleration [10]. The spectrum of cos-

mic rays observed at Earth is nCR(E) $ NCR(E)#esc(E),
where #esc(E) is the escape time from the Galaxy. This
time scale is inferred from the ratio of Boron to Carbon
(B/C) fluxes in cosmic rays and is typically found to scale
as #esc(E) $ E!", with $ " 0.3 % 0.6. In this standard
model, positrons only arise as secondary products of cos-
mic ray interactions in the Galaxy. Positrons are there-
fore injected at a rate Q+(E) $ nCR(E)nHc! (where
! is the cross section for the relevant process), while
the equilibrium spectrum is n+(E) $ Q+(E)#e(E) $
E!!!"#e(E), where #e(E) " Min[#esc(E), #loss(E)], and
#loss is the loss time scale during propagation in the
Galaxy (this scaling may however be a!ected by the spa-
tial distribution of the sources with respect to the di!u-
sion region). In the range of energies we are interested
in, in most cases energy losses are dominant over escape,
therefore #e(E) " #loss(E) $ 1/E (losses are dominated
by inverse Compton scattering (ICS) and synchrotron
emission). It follows that the spectrum of positrons ob-
served at Earth is n+(E) $ E!!!"!1. The injection
spectrum of electrons in SNRs is usually parametrized as
Ne(E) = KepNCR(E), so that following the same rea-
soning the equilibrium spectrum of primary cosmic ray
electrons is n!(E) $ E!!!1. It is straightforward to see
that the ratio n+/n! $ E!", namely it decreases with
energy, at odds with PAMELA findings. These simple
arguments are nicely summarized in [9]. In this paper
we show that the standard model as summarized above
lacks one important phenomenon which is intrinsic in the
acceleration process. We also show how taking into ac-
count this phenomenon a positron excess arises in the
standard picture of acceleration of cosmic rays in Galac-
tic sources. The spectrum and spatial distribution of cos-
mic rays in the accelerator are obtained by solving the
transport equation [10, 11] and one finds the well known
result that the solution is

fCR(x, p) = K

!

p

p0

"!!

F (x, p), (1)

where p is the particle momentum, F (x, p) = 1 down-
stream (x > 0) and F (x, p) = exp (ux/D(p)) upstream
(x < 0). The predicted cosmic ray spectrum at the shock

BUT: could also be conventional astrophysics

4

FIG. 2: Fluxes of e
! and e

+ at Earth for Emax = 100 TeV.
The dotted line refers to primary electrons, the dashed lines
are the fluxes of positrons (upper curve) and electrons (lower
curve) from interactions of cosmic rays in the Galaxy. The
dot-dashed lines are the fluxes of positrons (upper curve) and
electrons (lower curve) from production in the sources. The
thick solid line is the total flux. The data points are from
Fermi/LAT [18].

at a distance of order ! 1" 2 kpc, so to introduce a high
energy cuto! at ! 1 TeV, namely when the propagation
time from the closest source exceeds the loss time (this is
a strong function of the distance to the closest source).
A cuto! may also be produced by the acceleration pro-
cess in the sources. Recent observations by ATIC [15],
HESS [16] and Fermi/LAT seem to confirm the presence
of the high energy cuto! in the di!use electron spectrum.
The dotted line refers to primary electrons, the dashed
lines are the fluxes of positrons (upper curve) and elec-
trons (lower curve) from interactions of cosmic rays in the
Galaxy. The dot-dashed lines are the fluxes of positrons
(upper curve) and electrons (lower curve) from produc-
tion in the sources. The data points are from Fermi/LAT
[18]. A few remarks are in order: 1) at energies above

! 20 GeV the main contribution to the positron flux is
strikingly the one of secondary pairs in the sources. 2)
The flat spectrum of the secondary pairs, energized inside
the acceleration region, makes them provide up to 50%
of the total flux of electrons (and positrons) at Earth at
high energy. Their contribution is su"cient to flatten the
total e+ + e! spectrum, which is the quantity e!ectively
measured by ATIC and Fermi/LAT. 3) No sharp feature
appears in the total spectrum, at odds with ATIC data,
which are however not confirmed by Fermi/LAT results.

We also stress that a contribution to this positron flux
might come from a fraction of SNRs located in proxim-
ity of dense molecular clouds, where the target for pp
collisions may be enhanced and the importance of the
mechanism made more evident. These SNRs might also
have su"ciently high surface brightness (despite the old
age) to be detected by Fermi/LAT, provided the target
density for pp interactions is large enough.

We can conclude that the positron excess can be a
consequence of acceleration of cosmic rays in SNRs or
other sources. The scenario discussed here has numer-
ous implications: first, a flux of antiprotons is predicted
to be produced, which is compatible with present data
[17]; second, a similar e!ect, though more model depen-
dent, appears in the spectra of secondary nuclei which
are now being calculated. As far as individual sources
are concerned, one has to keep in mind that no e!ect
is expected from young, bright SNRs. In old remnants a
possible signature might appear in radio spectra but may
be easily confused with other e!ects. In any case super-
novae of type Ia are more likely to contribute to this e!ect
because they typically explode in denser media.
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I. Büsching, I., O.C. de Jager, M.S. Potgieter and C.
Venter, Astroph. J. Lett. 678, 39 (2008).

[7] M. Cirelli and A. Strumia, Preprint arXiv:0808.3867.
[8] P. Grajek, G. Kane, D. J. Phalen, A. Pierce and S. Wat-

son, Preprint arXiv:0807.1508.

[9] P.D. Serpico, Phys. Rev. D79, 1302 (2009).
[10] R. Blandford and D. Eichler, Phys. Rep. 154, 1 (1987).
[11] A.R. Bell, MNRAS 182, 147 (1978).
[12] T. Kamae et al., Astroph. J. 647, 692 (2006) [Erratum:

Astroph. J. 662, 779 (2007)].
[13] M.A. Malkov and L. O’C. Drury, Rep. Prog. Phys. 64,

429 (2001).
[14] M. Mori, Preprint arXiv:0903.3260.
[15] J. Chang et al., Nature (London) 456, 362 (2008).
[16] F. Aharonian et al. [HESS Coll.], Phys. Rev. Lett. 101,

261104 (2008).
[17] P. Blasi and P. Serpico, Preprint arXiv:0904.0871.
[18] Fermi/LAT Coll., Preprint arXiv:0905.0025.



Gravitational Waves



Isaac Newton
1642-1726

m M



Albert Einstein
1879 - 1955

General Relativity

Einstein
field 
equations

Gµ⌫ =
8⇡�

c4|{z}
Tµµ

⇡ 10�43



Newtonian vs General Relativistic gravity 

Source: mass density

Gravitational field: scalar  

  Source: energy-momentum tensor   
   (includes mass densities/currents)

 Gravitational field: metric tensor 

Newtonian field equations GR field equations

Gab =
8�G

c4
T ab

�2� =4 �G⇥

�
gab



GWs: origins

• Electromagnetism: accelerating charges produce EM radiation.

• Gravitation: accelerating masses produce gravitational radiation.              
(another hint: gravity has finite speed.)



GWs in linear gravity

• We consider weak gravitational fields:

• The GR field equations in vacuum reduce to the standard wave equation:

• Comment: GR gravity like electromagnetism has a “gauge” freedom 
associated with the choice of coordinate system. The above equation  
applies in the so-called “transverse-traceless (TT)” gauge where

gµ⌫ ⇡ ⌘µ⌫ + hµ⌫ +O(h2
µ⌫)

flat Minkowski metric

h0µ = 0, hµ
µ = 0

✓
@2

@t2
�r2

◆
hµ⌫ = ⇤hµ⌫ = 0



Wave solutions

• Solving the previous wave equation in weak gravity is easy. The 
solutions represent “plane waves”:

• Basic properties:

• Amplitude:

h
µ⌫

= A
µ⌫

eikax

a

Aµ⌫kµ = 0, kaka = 0

Aµ⌫ = h
+

eµ⌫
+

+ h
x

eµ⌫
x

wave-vector

null vector = propagation along light raystransverse waves

two polarizations



GWs: polarization

• GWs come in two polarizations:

“+” polarization “x” polarization



GWs vs EM waves

• Similarities:

✓  Propagation with the speed of light.

✓Amplitude decreases as ~ 1/r.

✓Frequency redshift (Doppler, gravitational, cosmological).

• Differences:

✓  GWs propagate through matter with little interaction. Hard to detect, but they  
carry uncontaminated information about their sources.

✓Strong GWs are generated by bulk (coherent) motion. They require strong 
gravity/high velocities (compact objects like black holes and neutron star).

✓EM waves originate from small-scale, incoherent motion of charged particles. 
They are subject to “environmental” contamination (interstellar absorption etc.).



Part II 

GW sources
  
                                               



GW emission from a binary system (I)

• The binary consists of the two bodies M1 and M2 at distances       and       

from the center of mass. The orbits are circular and lie on the x-y plane. The 

orbital angular frequency is Ω.

• We also define:   

      
a1 a2

a = a1 + a2, µ = M1M2/M, M = M1 + M2



GW emission from a binary system (IV)

• In this analysis we have assumed circular orbits. In general the orbits can be 

elliptical, but it has been shown that GW emission circularizes them faster than 

the coalescence timescale.   

• The GW amplitude is (ignoring geometrical factors):                                                                              

h ⇡ 5⇥ 10�22

✓
M

2.8M�

◆2/3 ✓
µ

0.7M�

◆ ✓
f

100 Hz

◆2/3 ✓
15 Mpc

r

◆

( set distance to the Virgo cluster, why? )



PSR 1913+16: a Nobel-prize GW source

• The now famous  Hulse & Taylor binary neutron star system provided the first 

astrophysical evidence of the existence of GWs ! 

• The system’s parameters:

• Using the previous equations we can predict:                                                                                                                                                                            

r = 5Kpc, M1 ⇡M2 ⇡ 1.4 M�, T = 7h 45min

Ṫ = �2.4⇥ 10�12 sec/sec, fGW = 7⇥ 10�5 Hz, h ⇠ 10�23, ⌧ ⇡ 3.5⇥ 108 yr



Theory vs observations

• How can the orbital parameters be 

measured with such high precision?  

• One of the neutron stars is a pulsar, 

emitting extremely stable periodic 

radio pulses. The emission is 

modulated by the orbital motion.

• Since the discovery of the H-T 

system in 1974 more such binaries 

were found by astronomers.  



Part III 

Detection of GWs
                                                     
                                                        



GW detectors: prehistory

• For decades after the formulation of Einstein’s 
GR the notion of GWs was a topic for 
speculations and remote from real 
astrophysics. 

• Joe Weber pioneered the construction of the 
first “primitive” bar detector. However, his 
claims of a GW detection were never verified ...

• Theoretical work in the 1970s-1990s (and the 
discovery of the Hulse-Taylor pulsar) 
advanced the popularity of GWs. 

• GW astronomy is expected to become reality in 
the present decade. 



• Consider a GW propagating along the z-axis (with a “+” polarization and frequency ω), 
impinging on an idealized detector consisting of two masses joined by a spring (of length 
L)  along the x-axis

• The resulting motion is that of a forced oscillator (with friction τ, natural frequency        ): 

• The solution is:

• The maximum amplitude is achieved at                    and has a size:

• The detector can be optimized by increasing                 .  

A toy model GW detector

⇠̈ + ⇠̇/⌧ + !2
0⇠ = �1

2
!2Lh+ei!t

⇠ =
!2Lh+

2(!2
0 � !2 + i!/⌧)

ei!t

! ⇡ !0 ⇠
max

=
1
2
!

0

⌧Lh
+

!0

!0⌧L



Bar detectors

• Bar detectors are narrow bandwidth instruments (like the previous toy-
model)

Sensitivity curves of various bar detectors



Detectors: laser interferometry

• A laser interferometer is an alternative choice for GW detection, offering a 
combination of very high sensitivities over a broad frequency band.

• Suspended mirrors play the role of “test-particles”, placed in perpendicular 
directions. The light is reflected on the mirrors and returns back to the beam 
splitter and then to a photodetector where the fringe pattern is monitored.



Noise in interferometric detectors

• Seismic noise (low frequencies). At frequencies below 60 Hz, the noise in the 
interferometers is dominated by seismic noise. The vibrations of the ground couple 
to the mirrors via the wire suspensions which support them. This effect is strongly 
suppressed by properly designed suspension systems. Still, seismic noise is very 
difficult to eliminate at frequencies below 5-10 Hz.

• Photon shot noise (high frequencies).                                                                           
The precision of the measurements                                                                                                             
is restricted by fluctuations in the fringe                                                                 
pattern due to fluctuations in the number                                                                                       
of detected photons. The number of                                                                                       
detected photons is proportional to the                                                                               
intensity of the laser beam. Statistical                                                                                            
fluctuations in the number of detected                                                                                                               
photons imply an uncertainty in the                                                                     
measurement of the arm length.                                                                                  



Detectors:  real-life sensitivity

Seismic noise laser photon noise



Detectors: the present (I)

The twin LIGO detectors (L = 4 km) at Livingston Louisiana and    
Hanford Washington  (US).



the gravitational-wave signal extraction by broadening the
bandwidth of the arm cavities [51,52]. The interferometer
is illuminated with a 1064-nm wavelength Nd:YAG laser,
stabilized in amplitude, frequency, and beam geometry
[53,54]. The gravitational-wave signal is extracted at the
output port using a homodyne readout [55].
These interferometry techniques are designed to maxi-

mize the conversion of strain to optical signal, thereby
minimizing the impact of photon shot noise (the principal
noise at high frequencies). High strain sensitivity also
requires that the test masses have low displacement noise,
which is achieved by isolating them from seismic noise (low
frequencies) and designing them to have low thermal noise
(intermediate frequencies). Each test mass is suspended as
the final stage of a quadruple-pendulum system [56],
supported by an active seismic isolation platform [57].
These systems collectively provide more than 10 orders
of magnitude of isolation from ground motion for frequen-
cies above 10 Hz. Thermal noise is minimized by using
low-mechanical-loss materials in the test masses and their

suspensions: the test masses are 40-kg fused silica substrates
with low-loss dielectric optical coatings [58,59], and are
suspended with fused silica fibers from the stage above [60].
To minimize additional noise sources, all components

other than the laser source are mounted on vibration
isolation stages in ultrahigh vacuum. To reduce optical
phase fluctuations caused by Rayleigh scattering, the
pressure in the 1.2-m diameter tubes containing the arm-
cavity beams is maintained below 1 μPa.
Servo controls are used to hold the arm cavities on

resonance [61] and maintain proper alignment of the optical
components [62]. The detector output is calibrated in strain
by measuring its response to test mass motion induced by
photon pressure from a modulated calibration laser beam
[63]. The calibration is established to an uncertainty (1σ) of
less than 10% in amplitude and 10 degrees in phase, and is
continuously monitored with calibration laser excitations at
selected frequencies. Two alternative methods are used to
validate the absolute calibration, one referenced to the main
laser wavelength and the other to a radio-frequency oscillator

(a)

(b)

FIG. 3. Simplified diagram of an Advanced LIGO detector (not to scale). A gravitational wave propagating orthogonally to the
detector plane and linearly polarized parallel to the 4-km optical cavities will have the effect of lengthening one 4-km arm and shortening
the other during one half-cycle of the wave; these length changes are reversed during the other half-cycle. The output photodetector
records these differential cavity length variations. While a detector’s directional response is maximal for this case, it is still significant for
most other angles of incidence or polarizations (gravitational waves propagate freely through the Earth). Inset (a): Location and
orientation of the LIGO detectors at Hanford, WA (H1) and Livingston, LA (L1). Inset (b): The instrument noise for each detector near
the time of the signal detection; this is an amplitude spectral density, expressed in terms of equivalent gravitational-wave strain
amplitude. The sensitivity is limited by photon shot noise at frequencies above 150 Hz, and by a superposition of other noise sources at
lower frequencies [47]. Narrow-band features include calibration lines (33–38, 330, and 1080 Hz), vibrational modes of suspension
fibers (500 Hz and harmonics), and 60 Hz electric power grid harmonics.
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Detectors: the present (II)

The VIRGO detector (L= 3 km) near Pisa, Italy



GEO 600!

LIGO!

4 km!

4 km!
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VIRGO







Going to space: the LISA detector

• Space-based detectors: “noise-free” environment, abundance of space!

• Long-arm baseline, low frequency sensitivity

• LISA: Up until recently a joint NASA/ESA mission, now an ESA mission only.                     
To be launched around 2020. 





GWs detectors: ground and space



the discovery

Observation of Gravitational Waves from a Binary Black Hole Merger

B. P. Abbott et al.*

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 21 January 2016; published 11 February 2016)

On September 14, 2015 at 09:50:45 UTC the two detectors of the Laser Interferometer Gravitational-Wave
Observatory simultaneously observed a transient gravitational-wave signal. The signal sweeps upwards in
frequency from 35 to 250 Hz with a peak gravitational-wave strain of 1.0 ! 10!21. It matches the waveform
predicted by general relativity for the inspiral and merger of a pair of black holes and the ringdown of the
resulting single black hole. The signal was observed with a matched-filter signal-to-noise ratio of 24 and a
false alarm rate estimated to be less than 1 event per 203 000 years, equivalent to a significance greater
than 5.1!. The source lies at a luminosity distance of 410!160

!180 Mpc corresponding to a redshift z " 0.09!0.03
!0.04 .

In the source frame, the initial black hole masses are 36!5
!4M⊙ and 29!4

!4M⊙, and the final black hole mass is
62!4

!4M⊙, with 3.0!0.5
!0.5M⊙c2 radiated in gravitational waves. All uncertainties define 90% credible intervals.

These observations demonstrate the existence of binary stellar-mass black hole systems. This is the first direct
detection of gravitational waves and the first observation of a binary black hole merger.

DOI: 10.1103/PhysRevLett.116.061102

I. INTRODUCTION

In 1916, the year after the final formulation of the field
equations of general relativity, Albert Einstein predicted
the existence of gravitational waves. He found that
the linearized weak-field equations had wave solutions:
transverse waves of spatial strain that travel at the speed of
light, generated by time variations of the mass quadrupole
moment of the source [1,2]. Einstein understood that
gravitational-wave amplitudes would be remarkably
small; moreover, until the Chapel Hill conference in
1957 there was significant debate about the physical
reality of gravitational waves [3].
Also in 1916, Schwarzschild published a solution for the

field equations [4] that was later understood to describe a
black hole [5,6], and in 1963 Kerr generalized the solution
to rotating black holes [7]. Starting in the 1970s theoretical
work led to the understanding of black hole quasinormal
modes [8–10], and in the 1990s higher-order post-
Newtonian calculations [11] preceded extensive analytical
studies of relativistic two-body dynamics [12,13]. These
advances, together with numerical relativity breakthroughs
in the past decade [14–16], have enabled modeling of
binary black hole mergers and accurate predictions of
their gravitational waveforms. While numerous black hole
candidates have now been identified through electromag-
netic observations [17–19], black hole mergers have not
previously been observed.

The discovery of the binary pulsar systemPSR B1913!16
by Hulse and Taylor [20] and subsequent observations of
its energy loss by Taylor and Weisberg [21] demonstrated
the existence of gravitational waves. This discovery,
along with emerging astrophysical understanding [22],
led to the recognition that direct observations of the
amplitude and phase of gravitational waves would enable
studies of additional relativistic systems and provide new
tests of general relativity, especially in the dynamic
strong-field regime.
Experiments to detect gravitational waves began with

Weber and his resonant mass detectors in the 1960s [23],
followed by an international network of cryogenic reso-
nant detectors [24]. Interferometric detectors were first
suggested in the early 1960s [25] and the 1970s [26]. A
study of the noise and performance of such detectors [27],
and further concepts to improve them [28], led to
proposals for long-baseline broadband laser interferome-
ters with the potential for significantly increased sensi-
tivity [29–32]. By the early 2000s, a set of initial detectors
was completed, including TAMA 300 in Japan, GEO 600
in Germany, the Laser Interferometer Gravitational-Wave
Observatory (LIGO) in the United States, and Virgo in
Italy. Combinations of these detectors made joint obser-
vations from 2002 through 2011, setting upper limits on a
variety of gravitational-wave sources while evolving into
a global network. In 2015, Advanced LIGO became the
first of a significantly more sensitive network of advanced
detectors to begin observations [33–36].
A century after the fundamental predictions of Einstein

and Schwarzschild, we report the first direct detection of
gravitational waves and the first direct observation of a
binary black hole system merging to form a single black
hole. Our observations provide unique access to the

*Full author list given at the end of the article.
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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 6.9!0.5

!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.
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the gravitational-wave signal extraction by broadening the
bandwidth of the arm cavities [51,52]. The interferometer
is illuminated with a 1064-nm wavelength Nd:YAG laser,
stabilized in amplitude, frequency, and beam geometry
[53,54]. The gravitational-wave signal is extracted at the
output port using a homodyne readout [55].
These interferometry techniques are designed to maxi-

mize the conversion of strain to optical signal, thereby
minimizing the impact of photon shot noise (the principal
noise at high frequencies). High strain sensitivity also
requires that the test masses have low displacement noise,
which is achieved by isolating them from seismic noise (low
frequencies) and designing them to have low thermal noise
(intermediate frequencies). Each test mass is suspended as
the final stage of a quadruple-pendulum system [56],
supported by an active seismic isolation platform [57].
These systems collectively provide more than 10 orders
of magnitude of isolation from ground motion for frequen-
cies above 10 Hz. Thermal noise is minimized by using
low-mechanical-loss materials in the test masses and their

suspensions: the test masses are 40-kg fused silica substrates
with low-loss dielectric optical coatings [58,59], and are
suspended with fused silica fibers from the stage above [60].
To minimize additional noise sources, all components

other than the laser source are mounted on vibration
isolation stages in ultrahigh vacuum. To reduce optical
phase fluctuations caused by Rayleigh scattering, the
pressure in the 1.2-m diameter tubes containing the arm-
cavity beams is maintained below 1 μPa.
Servo controls are used to hold the arm cavities on

resonance [61] and maintain proper alignment of the optical
components [62]. The detector output is calibrated in strain
by measuring its response to test mass motion induced by
photon pressure from a modulated calibration laser beam
[63]. The calibration is established to an uncertainty (1σ) of
less than 10% in amplitude and 10 degrees in phase, and is
continuously monitored with calibration laser excitations at
selected frequencies. Two alternative methods are used to
validate the absolute calibration, one referenced to the main
laser wavelength and the other to a radio-frequency oscillator

(a)

(b)

FIG. 3. Simplified diagram of an Advanced LIGO detector (not to scale). A gravitational wave propagating orthogonally to the
detector plane and linearly polarized parallel to the 4-km optical cavities will have the effect of lengthening one 4-km arm and shortening
the other during one half-cycle of the wave; these length changes are reversed during the other half-cycle. The output photodetector
records these differential cavity length variations. While a detector’s directional response is maximal for this case, it is still significant for
most other angles of incidence or polarizations (gravitational waves propagate freely through the Earth). Inset (a): Location and
orientation of the LIGO detectors at Hanford, WA (H1) and Livingston, LA (L1). Inset (b): The instrument noise for each detector near
the time of the signal detection; this is an amplitude spectral density, expressed in terms of equivalent gravitational-wave strain
amplitude. The sensitivity is limited by photon shot noise at frequencies above 150 Hz, and by a superposition of other noise sources at
lower frequencies [47]. Narrow-band features include calibration lines (33–38, 330, and 1080 Hz), vibrational modes of suspension
fibers (500 Hz and harmonics), and 60 Hz electric power grid harmonics.
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propagation time, the events have a combined signal-to-
noise ratio (SNR) of 24 [45].
Only the LIGO detectors were observing at the time of

GW150914. The Virgo detector was being upgraded,
and GEO 600, though not sufficiently sensitive to detect
this event, was operating but not in observational
mode. With only two detectors the source position is
primarily determined by the relative arrival time and
localized to an area of approximately 600 deg2 (90%
credible region) [39,46].
The basic features of GW150914 point to it being

produced by the coalescence of two black holes—i.e.,
their orbital inspiral and merger, and subsequent final black
hole ringdown. Over 0.2 s, the signal increases in frequency
and amplitude in about 8 cycles from 35 to 150 Hz, where
the amplitude reaches a maximum. The most plausible
explanation for this evolution is the inspiral of two orbiting
masses, m1 and m2, due to gravitational-wave emission. At
the lower frequencies, such evolution is characterized by
the chirp mass [11]

M ! "m1m2#3=5

"m1 $m2#1=5
! c3

G

!
5

96
!!8=3f!11=3 _f

"
3=5

;

where f and _f are the observed frequency and its time
derivative and G and c are the gravitational constant and
speed of light. Estimating f and _f from the data in Fig. 1,
we obtain a chirp mass of M≃ 30M⊙, implying that the
total mass M ! m1 $m2 is ≳70M⊙ in the detector frame.
This bounds the sum of the Schwarzschild radii of the
binary components to 2GM=c2 ≳ 210 km. To reach an
orbital frequency of 75 Hz (half the gravitational-wave
frequency) the objects must have been very close and very
compact; equal Newtonian point masses orbiting at this
frequency would be only ≃350 km apart. A pair of
neutron stars, while compact, would not have the required
mass, while a black hole neutron star binary with the
deduced chirp mass would have a very large total mass,
and would thus merge at much lower frequency. This
leaves black holes as the only known objects compact
enough to reach an orbital frequency of 75 Hz without
contact. Furthermore, the decay of the waveform after it
peaks is consistent with the damped oscillations of a black
hole relaxing to a final stationary Kerr configuration.
Below, we present a general-relativistic analysis of
GW150914; Fig. 2 shows the calculated waveform using
the resulting source parameters.

III. DETECTORS

Gravitational-wave astronomy exploits multiple, widely
separated detectors to distinguish gravitational waves from
local instrumental and environmental noise, to provide
source sky localization, and to measure wave polarizations.
The LIGO sites each operate a single Advanced LIGO

detector [33], a modified Michelson interferometer (see
Fig. 3) that measures gravitational-wave strain as a differ-
ence in length of its orthogonal arms. Each arm is formed
by two mirrors, acting as test masses, separated by
Lx ! Ly ! L ! 4 km. A passing gravitational wave effec-
tively alters the arm lengths such that the measured
difference is ΔL"t# ! "Lx ! "Ly ! h"t#L, where h is the
gravitational-wave strain amplitude projected onto the
detector. This differential length variation alters the phase
difference between the two light fields returning to the
beam splitter, transmitting an optical signal proportional to
the gravitational-wave strain to the output photodetector.
To achieve sufficient sensitivity to measure gravitational

waves, the detectors include several enhancements to the
basic Michelson interferometer. First, each arm contains a
resonant optical cavity, formed by its two test mass mirrors,
that multiplies the effect of a gravitational wave on the light
phase by a factor of 300 [48]. Second, a partially trans-
missive power-recycling mirror at the input provides addi-
tional resonant buildup of the laser light in the interferometer
as a whole [49,50]: 20Wof laser input is increased to 700W
incident on the beam splitter, which is further increased to
100 kW circulating in each arm cavity. Third, a partially
transmissive signal-recycling mirror at the output optimizes

FIG. 2. Top: Estimated gravitational-wave strain amplitude
from GW150914 projected onto H1. This shows the full
bandwidth of the waveforms, without the filtering used for Fig. 1.
The inset images show numerical relativity models of the black
hole horizons as the black holes coalesce. Bottom: The Keplerian
effective black hole separation in units of Schwarzschild radii
(RS ! 2GM=c2) and the effective relative velocity given by the
post-Newtonian parameter v=c ! "GM!f=c3#1=3, where f is the
gravitational-wave frequency calculated with numerical relativity
and M is the total mass (value from Table I).
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Understanding this background noise is an essential part of our
analysis and involves monitoring a vast array of environmental data
recorded at both sites: ground motions, temperature variations and
power grid fluctuations to name just a few. In parallel, many data
channels monitor in real time the status of the interferometers –
checking, for example, that the various laser beams are properly
centred. If any of these environmental or instrumental channels
indicated a problem, then the detector data would be discarded.
However, despite exhaustive studies, no such data quality problems
were found at the time of the event.

But perhaps GW150914 was a rare noise fluctuation, which
happened to occur simply by chance with similar characteristics at
both sites? To reject this possibility we need to work out just how
rare such a fluctuation would be: the less often it could occur by
chance, the more confidently we can rule out this scenario in favour
of the alternative – that GW150914 was indeed a real gravitational
wave event.

To carry out this statistical analysis we used 16 days’ worth of
stable, high quality detector strain data from the month following
the event. GW150914 was indeed by far the strongest signal
observed in either detector during that period. We then introduced
a series of artificial time shifts between the H1 and L1 data,
effectively creating a much longer data set in which we could search
for apparent signals that were as strong (or stronger) than
GW150914. By using only time shifts greater than 10 milliseconds
(the

ARE WE SURE THAT GW150914WAS A REAL ASTROPHYSICAL EVENT?

The short answer is “yes”, but of course this is a crucial question and the LIGO Scientific Collaboration and Virgo Collaboration have together
made a huge effort to address it, carrying out a variety of independent and thorough checks – all of which contribute to strengthening the
detection case for GW150914.

Firstly, as we noted already, the time delay between the observations made at each LIGO detector was consistent with the light travel time
between the two sites. Also, as seen in figure 1, the Hanford and Livingston signals showed a similar pattern, as would be expected given the
near alignment of the two interferometers, and were strong enough to ‘stand out’ against the background noise around the time of the event
– like a burst of laughter heard above the background chatter of a crowded room.

Figure 4. (Adapted from figure 4 of our publication). Results from our

binary coalescence search quantifying how rare GW150914 was compared

with false ‘events’ resulting from noise fluctuations. This search concluded

that a noise event mimicking GW150914 would be extremely rare – less

than one occurrence in about 200,000 years of data like this – a value that

corresponds to a detection significance of more than 5 ‘sigma’.

GW150914. By using only time shifts greater than 10 milliseconds (the light travel time between the detectors) we ensured that these
artificial data sets contained no real signals, but only coincidences in noise. We can then see, in the very long artificial data set, how often a
coincidence mimicking GW150914 would appear. This analysis gives us the false alarm rate: how often we could expect to measure such a
seemingly loud event that was really just a noise fluctuation (i.e. a ‘false alarm’).

Figure 4 (adapted from figure 4 of our publication) shows the result of this statistical analysis, for one of the searches carried out on our
detector data. The solid black and purple curves represent the ‘background’: the number of coincidental noise ‘events’ that we estimate
would be produced (under slightly different assumptions) for different strengths of signal. The orange boxes represent what we actually saw,
without the artificial time shifts. The key message of this figure is how far away the observed event GW150914 is from the background noise.
This means that a noise event mimicking GW150914 would be exceedingly rare – indeed we expect an event as strong as GW150914 to
appear by chance only once in about 200,000 years of such data! This false alarm rate can be translated into a number of ‘sigma’ (denoted
by σ), which is commonly used in statistical analysis to measure the significance of a detection claim. This search identifies GW150914 as a
real event, with a significance of more than 5 sigma.

CONCLUSIONS AND OUTLOOK

The first direct detection of gravitational waves and the
first observation of a binary black hole merger are
remarkable achievements, but they represent only the
first page of an exciting new chapter in astronomy.

The next decade will see further improvements to the
Advanced LIGO detectors and extension of the global
detector network to include Advanced Virgo in Italy,
KAGRA in Japan, and a possible third LIGO detector in
India.

This enhanced global network will significantly improve
our ability to locate the positions of gravitational-wave
sources on the sky and estimate more accurately their
physical properties. The nascent field of gravitational-
wave astronomy has a very bright future!

FURTHER INFORMATION
LIGO Scientific Collaboration homepage (includes link to our main
publication, published in Physical Review Letters): http://www.ligo.org

Advanced Virgo homepage: http://public.virgo-gw.eu/language/en/

Some of the companion papers to our main publication:
• Observing gravitational-wave transient GW150914 with minimal assumptions:

https://dcc.ligo.org/P1500229/

• GW150914: First results from the search for binary black hole coalescence with Advanced

LIGO: https://dcc.ligo.org/P1500269/

• Astrophysical implications of the binary black hole merger GW150914:

https://dcc.ligo.org/P1500262/

• Localization and broadband follow-up of the gravitational-wave candidate G184098:

https://dcc.ligo.org/P1500227/

• GW150914: a black-hole binary coalescence as predicted by general relativity:

https://dcc.ligo.org/P1500213/

• The rate of binary black hole mergers inferred from Advanced LIGO observations surrounding

GW150914: https://dcc.ligo.org/P1500217/

• Properties of the binary black hole merger GW150914: https://dcc.ligo.org/P1500218/

LIGO Open Science Center (with access to GW150914 data): https://losc.ligo.org/about/
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!e "nal bottom plot in Figure 12 compares the data from 
both detectors. !e Hanford data have been inverted for 
comparison, due to the di#erences in orientation of the 
detectors at the two sites. !e data were also shi$ed in 
time to correct for the travel time of the gravitational wave 
signals between Livingston and Hanford. (!e Livingston 
waveform was observed 7 milliseconds before Hanford’s.) 
!is demonstrates that both detectors witnessed the same 
event, con"rming the detection.

Table 1 gives some of the important parameters measured by 
LIGO for this discovery event, dubbed GW150914 a!er the 
date on which it was observed.

Figure 13: Approximate location of LIGO signals. Credit: 
LIGO/Roy Williams, Shane Larson and "omas Boch

!e approximate location of the source of gravitational 
waves detected on Sept. 14, 2015 by the twin LIGO 
observatories is shown in Figure 13, overlaid on a visible-
light sky map of the southern hemisphere. !e colored 
lines represent di#erent probabilities for where the signal 
originated: the purple line de"nes the region from within 
which the signal was emitted, at 90% con"dence. !e 
inner yellow line de"nes the 10% con"dence region.  

 

 
Researchers were able to narrow in on the location 

of the gravitational wave source using data 
from the LIGO observatories in Livingston, 

Louisiana, and Hanford, Washington. !e 
gravitational waves arrived at Livingston 7 

milliseconds before arriving at Hanford. 
!is time delay revealed a particular slice 
of sky, or ring, where the signal must 
have come from. Further analysis of the 
varying signal strength at both detectors 
ruled out portions of the ring, leaving 
the remaining patch shown on this map.  
 
In the future, when the Advanced Virgo 

gravitational wave detector in Italy is 
up and running, and later the KAGRA 

detector in Japan, scientists will be able 
to even better pinpoint the locations and 

sources of signals.

Table 1 – Important Parameters for GW150914

Time detected September 14, 2015 09:50:45 UTC

Mass (in units of 
Solar Mass)

Black Hole 1

Black Hole 2 29 ± 4

Final Mass 62 ± 4

GW Energy 3.0 ± 0.5  M   c2

Distance
  

~1.34 % 109 light years

Redshi$

Observing band 35-350 Hz

Peak strain h 1.0 % 10-21

+160
&180410 Mpc

+0.03
&0.040.09

+5
&436

location of GW source on sky



A few months after the first detection of gravitational waves from the black hole merger event GW150914, the Laser Interferometer Gravitational-Wave 
Observatory (LIGO) has made another observation of gravitational waves from the collision and merger of a pair of black holes. This signal, called GW151226, 
arrived at the LIGO detectors on 26 December 2015 at 03:38:53 UTC. 

GW151226: OBSERVATION OF GRAVITATIONAL WAVES FROM A 
22 SOLAR MASS BINARY BLACK HOLE COALESCENCE 

FIGURES FROM THE PUBLICATION 

Figure 1: (Adapted from figure 1 of our publication). The gravitational wave 
event GW151226 as observed by the twin Advanced LIGO instruments: LIGO 
Hanford (left) and LIGO Livingston (right). The images show the data 
recorded by the detectors during the last second before merger as the signal 
varies as a function of time (in seconds) and frequency (in Hertz or the 
number of wave cycles per second). To be certain that a real gravitational 
wave has been observed, we compare the data from the detectors against a 
pre-defined set of models for merging binaries. This allows us to find 
gravitational wave signals which are buried deep in the noise from the 
instruments and nearly impossible to find by eye. This signal is much more 
difficult to spot by eye than the first detection GW150914! 
 

(To see an animated version of this figure visit our website) 

The signal, which came from a distance of around 1.4 billion light-years, was an example of 
a compact binary coalescence, when two extremely dense objects merge. Binary systems like this 
are one of many sources of gravitational waves for which the LIGO detectors are searching. 
Gravitational waves are ripples in space-time itself and carry energy away from such a binary 
system, causing the two objects to spiral towards each other as they orbit. This inspiral brings the 
objects closer and closer together until they merge. The gravitational waves produced by the 
binary stretch and squash space-time as they spread out through the universe. It is this stretching 
and squashing that can be detected by observatories like Advanced LIGO, and used to reveal 
information about the sources which created the gravitational waves. 
 
GW151226 is the second definitive observation of a merging binary black hole system detected by 
the LIGO Scientific Collaboration and Virgo Collaboration. Together with GW150914, this event 
marks the beginning of gravitational-wave astronomy as a revolutionary new means to explore 
the frontiers of our Universe. 
 
 
 
Just like the first detection, GW151226 was observed by the twin instruments of Advanced LIGO 
situated in Hanford, Washington and Livingston, Louisiana.  Figure 1 shows the data as seen by 
the two instruments during the final second before the merger took place. The animation 
alternates between showing the raw detector data and the data after the best-matching signal 
has been removed, making it easier to identify. Even then, and unlike the first detection (where 
the signal of the event was very obvious against the background 'noise' of the instruments), in this 
case it is not immediately clear that there is a gravitational-wave signal embedded in the data. 
This is because GW151226 has a lower signal strength (referred to as the measured gravitational-
wave strain). It is also harder to see as the signal is spread over a longer time, lasting 1 second 
compared to 0.2 seconds for the first detection. Despite the difficulty in spotting this event by 
eye, our detection software was able to find the signal in the data. 
 

 
 
 
The first indication of the signal came from an online search method, which looks at detector data 
almost in real time as it is recorded.  Figure 2 shows the results of one of the search methods. 
This analysis had identified GW151226 as a gravitational wave candidate within 70 seconds of its 
arrival at the Earth. About a minute later the first, rough estimates of the candidate's source 
properties had been calculated. These initial searches used a technique known as matched 
filtering to identify possible gravitational-wave signals. In this method, the data are compared to 
many predicted signals ('waveforms') in order to find the best match. If both detectors' data 
match a signal at the same time, then we have a gravitational wave candidate. Matched filtering 
was essential for both the detection and analysis of GW151226 due to its smaller signal strength 
compared with the first detection (GW150914). 
 
The initial search analyses could only give approximate estimates for the properties of the source 
— including the masses of the two compact objects, their rotation rates and their orientation, 
distance and position on the sky. To determine these properties (known as 'parameters') more 
accurately, we used a different technique: we tested many different parameter combinations and 
each time checked how well the predicted waveform for that combination matched the signal we 
had seen. This approach allows us to build up a map of the different sets of parameters which 
could explain our observation, and figure out the probability of each set being the correct 
one. Figure 3 shows the excellent agreement between the reconstructed gravitational-wave 
signal (as observed by the Livingston detector), generated using a range of the most probable 
parameters, compared with a signal calculated from a numerical solution of Einstein's equations 
of general relativity.  

 
 
 
Just as we did for the first detection, many checks were carried out on the detectors to ensure 
that no environmental or instrumental effects could have caused the signal. These effects could 
be anything from misbehaving refrigerators to far-away lightning strikes! During the time of the 
event, there were no such disturbances large enough to explain GW151226, so we concluded that 
the signal must have had an astrophysical origin. 
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HOW WAS THE DETECTION MADE? 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
HOW CAN WE BE SURE THIS WAS A REAL EVENT? 

For more information on how these figures were generated and their 
meaning, see the main publication at Physical Review Letters.  

Figure 2: (Adapted from figure 2 of our publication). Results from our search 
for gravitational wave sources similar to GW151226 (and the previous 
detection GW150914) showing the significance of this detection compared 
to a background of false 'events' caused by noise from the LIGO instruments. 
We see that GW151226 is detected well above the level of the background.  

Figure 3: (Adapted from figure 5 of our publication). The top panel shows a 
comparison of the reconstructed gravitational-wave strain signal over time 
as seen by the Livingston detector (gray) with a signal calculated from a 
numerical relativity simulation. The time is counting down in seconds leading 
up to the merger of the two black holes at zero. The lower panel shows how 
the frequency of the gravitational waves changes with time. The frequency 
increases as the black holes spiral together. This can also be related to the 
orbital velocity v, shown on the right hand side of the lower panel in units of 
the speed of light c. The black cross marks the point where the amplitude of 
the signal was largest, which is also approximately the time at which the 
black holes merged. 

A few months after the first detection of gravitational waves from the black hole merger event GW150914, the Laser Interferometer Gravitational-Wave 
Observatory (LIGO) has made another observation of gravitational waves from the collision and merger of a pair of black holes. This signal, called GW151226, 
arrived at the LIGO detectors on 26 December 2015 at 03:38:53 UTC. 
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Figure 1: (Adapted from figure 1 of our publication). The gravitational wave 
event GW151226 as observed by the twin Advanced LIGO instruments: LIGO 
Hanford (left) and LIGO Livingston (right). The images show the data 
recorded by the detectors during the last second before merger as the signal 
varies as a function of time (in seconds) and frequency (in Hertz or the 
number of wave cycles per second). To be certain that a real gravitational 
wave has been observed, we compare the data from the detectors against a 
pre-defined set of models for merging binaries. This allows us to find 
gravitational wave signals which are buried deep in the noise from the 
instruments and nearly impossible to find by eye. This signal is much more 
difficult to spot by eye than the first detection GW150914! 
 

(To see an animated version of this figure visit our website) 

The signal, which came from a distance of around 1.4 billion light-years, was an example of 
a compact binary coalescence, when two extremely dense objects merge. Binary systems like this 
are one of many sources of gravitational waves for which the LIGO detectors are searching. 
Gravitational waves are ripples in space-time itself and carry energy away from such a binary 
system, causing the two objects to spiral towards each other as they orbit. This inspiral brings the 
objects closer and closer together until they merge. The gravitational waves produced by the 
binary stretch and squash space-time as they spread out through the universe. It is this stretching 
and squashing that can be detected by observatories like Advanced LIGO, and used to reveal 
information about the sources which created the gravitational waves. 
 
GW151226 is the second definitive observation of a merging binary black hole system detected by 
the LIGO Scientific Collaboration and Virgo Collaboration. Together with GW150914, this event 
marks the beginning of gravitational-wave astronomy as a revolutionary new means to explore 
the frontiers of our Universe. 
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Figure 2: (Adapted from figure 2 of our publication). Results from our search 
for gravitational wave sources similar to GW151226 (and the previous 
detection GW150914) showing the significance of this detection compared 
to a background of false 'events' caused by noise from the LIGO instruments. 
We see that GW151226 is detected well above the level of the background.  

Figure 3: (Adapted from figure 5 of our publication). The top panel shows a 
comparison of the reconstructed gravitational-wave strain signal over time 
as seen by the Livingston detector (gray) with a signal calculated from a 
numerical relativity simulation. The time is counting down in seconds leading 
up to the merger of the two black holes at zero. The lower panel shows how 
the frequency of the gravitational waves changes with time. The frequency 
increases as the black holes spiral together. This can also be related to the 
orbital velocity v, shown on the right hand side of the lower panel in units of 
the speed of light c. The black cross marks the point where the amplitude of 
the signal was largest, which is also approximately the time at which the 
black holes merged. 
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Figure 2: (Adapted from figure 2 of our publication). Results from our search 
for gravitational wave sources similar to GW151226 (and the previous 
detection GW150914) showing the significance of this detection compared 
to a background of false 'events' caused by noise from the LIGO instruments. 
We see that GW151226 is detected well above the level of the background.  

Figure 3: (Adapted from figure 5 of our publication). The top panel shows a 
comparison of the reconstructed gravitational-wave strain signal over time 
as seen by the Livingston detector (gray) with a signal calculated from a 
numerical relativity simulation. The time is counting down in seconds leading 
up to the merger of the two black holes at zero. The lower panel shows how 
the frequency of the gravitational waves changes with time. The frequency 
increases as the black holes spiral together. This can also be related to the 
orbital velocity v, shown on the right hand side of the lower panel in units of 
the speed of light c. The black cross marks the point where the amplitude of 
the signal was largest, which is also approximately the time at which the 
black holes merged. 


