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Possible other sources (not shown): cosmic strings (kink, cusps) 
cosmological backgrounds (non-standard inflation,  phase transitions) 



  Heuristic scalingsHeuristic scalings
We want compact accelerating systems

Consider a BH binary of mass M, and semimajor axis a

In astrophysical scales

10 M
⊙
 binary at 100 Mpc: h~10-21, f<103 

106 M
⊙
 binary at 10 Gpc: h~10-18, f<10-2

109 M
⊙
 binary at 1Gpc: h~10-14, f<10-6





109M� @1Gpc

h~10-14 f<10-6 10M� @100Mpc

h~10-21 f<103

106M� @10Gpc

h~10-17 f<10-2



Binary evolution with frequency

Equating dErad/dt =-dE/dt and solving for a we get 

Using Kepler’s law we finally get 

1-Mass proportionality: at a given f, low mass binaries live longer

2-Frequency proportionality: at low f binaries live muuuuuch longer 

3-Redshift: fobs=fr/(1+z) : high z binaries are observed at lower f



Massive objects inspiralling and merging: 
frequency set by the most massive object so we have: 

1-massive black hole binaries (MBHBs)
2-extreme mass ratio inspirals (EMRIs)

Light objects far from coalescence: 
monochromatic or slowly inspiralling 

1-Galactic binaries (all flavours, most prominent WD-WD)
2-Extragalactic stellar BHBs (multiband astronomy) 



Galactic binaries



There are WD binaries for which we know period masses and distance 
(to some extent): verification binaries.

These systems are known to produce a high S/N signal in LISA.
Many more expected to come with GAIA

Why errorbars are so different? What special about HM Cnc?



How many binaries? 
WD binary merger rate in the galaxy is estimated to be ~10-2 10-3/yr

Remember:

dN/df=dN/dt x dt/df  → proportional to f-11/3

So at f~0.1mHz we have, ~10-9 x 10 x 1016~100M
There are ~100M WD binaries estimated in the MW

One can make a similar calculation for NS and BH binaries to get
~10-100 BHBs at f>0.1mHz in the MW

~105 NSB at f>0.1mHz in the MW 
 



The signal looks like a ‘forest’ of lines piling up



After subtraction of the brightest sources you are left as an 
Irreducible ‘confusion noise’ that will degrade the ability to detect other 

individual sources  







An unexpected scenario: multi-band GW astronomy 

BHB will be detected by eLISA and cross to the LIGO band, 
assuming a 5 year operation of eLISA.

(AS 2016, PRL 116, 1102)



PopIII seeds merging at late 
times (z~2) could be seen both in 
LISA and aLIGO/ET (AS et al. 2009)

IMBH binaries formed in star 
cluster can also cross from LISA 

to LIGO/ET in a short timescale 
(Amaro-Seoane & Santamaria 2010)

The idea was already around in the literature



(Kyutoku & Seto 2016)

Distribution of sources across the band 

Reach of eLISA for GW150915.
Up to z~0.1 at f~0.01Hz

-Almost stationary at f<0.02 Hz
-Evolving to the LIGO band for      
 f>0.02 Hz

Number of observable sources 
(S/N>8) is a strong function of 
frequency*.

*that is the main reason of rather 

pessimistic initial estimates about the 

observability of these sources by eLISA



How many BHBs in the eLISA band?

Implied BHB mass 
distributions and merger 
rates higher than previously 
thought and BHs are more 
massive  

eLISA will detect up to 
thousands of BHBs with S/N>8
up to few hundreds crossing to 

the aLIGO band in 5yr



Unresolved sources will form a confusion noise 
detectable with high S/N

Unresolved sources will produce a stochastic GWB



What do we do with them? 

>Detector cross-band calibration and validation (LISA - L-V-K)

>Multiband GW astronomy: 
       LISA → L-V-K: *alert L-V-K to ensure GW detectors are on
                                 *inform L-V-K with source parameters: makes      
                                   detection easier
       L-V-K → LISA: *identify sub-threshold source that can be dug     
                                  out of the LISA data streams

>Multimessenger astronomy:
                 -point EM probes at the right location before the                  
                  merger

>Enhanced tests of GR: e.g. strongest limits on deviations from GR 

>Astrophysics: 
                  -independent measure of spins
                  -measure of eccentricity

>Cosmology:
                  -new population of standard sirens?
              



>Masses have the largest impact on the            
  phase modulation 

>Eccentricity impacts the waveform and the    
  phase modulation

>Spins impact the waveform and the phase      
  modulation (but weaker effect) 

Depend on the number of cycles and SNR, 
can be easily measured with high precision

 

Extraction of information from the waveform

(Courtesy W. del Pozzo)




System crossing to the 
aLIGO band can be
located with sub deg2 
precision (Klein et al. In 

prep.) 

Merger time can be 
predicted within 10 
seconds (but see Bonvin et 

al. 2016) 

Make possible to pre-
point all instruments: 
open the era of 
coincident GW-EM 
astronomy (even though 
a counterpart is not 
expected).

Sky pre-localization and coincident EM campaigns 



Astrophysics: BHB origin 

Evolution of massive
Binaries

Complications
-common envelope
-kicks
-metallicity
-rotation

Features:
-Preferentially high,         
 aligned spins?
-small formation               
 eccentricity

(Belczynski et al. 2016)



Compact object (CO) inspiralling into an 
envelope of a giant star. The inspiral of the CO 
‘heats up’ the envelope eventually unbinding it: 

By equating this to the change in energy of the 
compact object, one finds a relation between the 
initial and final separation of the binary:

For typical massive star values:

One gets af/ai~0.01-0.001.
So, in principle the system can shrink from ~AU 
to ~solar radii.

Common envelope evolution



Dynamical capture

Complications
-mass segregation
-winds
-ejections
-multiple interactions
-resonant dynamics
 (Kozai-Lidov)

Features:
-randomly oriented          
spins?
-high formation                 
 eccentricities

Astrophysics: BHB origin 

(Rodriguez et al. 2016)



>aLIGO can only place upper     
  bounds on e, but eLISA can     
  measure e if >10-3     

   

>GW circularization implies        
  much higher eccentricities
  in the eLISA band

Measuring eccentricity with eLISA 

Different formation channel imply different e distributions.
Too small to be measured by LIGO but accessible to LISA 

Proof of concept: three BHB formation 
scenarios
  -field binaries (Kowalska et al 2011)
  -dynamical formation in Gcs (Rodriguez et  
    al. 2016)
  -Kozai resonances around a MBH             
   (Antonini & Perets 2012)

(Nishizawa et al. 2016)



Assessing BHB origin using eccentricity

Different formation channels result 
in different e distributions in the 
eLISA band, (see also Breivik et al. 
2016)

eLISA can tell formation scenarios 
apart with few tens of observations 
(Nishizawa et al. 2016)

Can be complemented to aLIGO spin measurements.



Cosmology with gravitational waves 

Different GW sources will allow an independent assessment of 
the geometry of the Universe at all  redshifts.

(Courtesy of N. Tamanini)



BHBs as standard sirens: measuring H0

No counterpart required 
(McLeod & Hogan 2008, 
Petiteau et. al 2011)
  -Many sources at z<0.1
  -small errorbox consider all possible hosts within the errorbox           
   assuming a broad prior on h 
  -combine statistically the likelihood of the hosts in each errorbox to  
   determine h

AstroBonus: few local events have 1 galaxy in the errorbox



5Gm 
h determined at ~2%  

The precision of the 
measurement scales 

with √N , regardless of 
the detector design.

 2Gm 
 h determined at ~5%  

Results



Tests of GR
GW150914 provides the most stringent 

tests of gravity in the strong field regime:
NO EVIDENCE FOR DEVIATIONS FROM GR

 



Tests of Gravity combining eLISA and aLIGO

BH dipole emission will cause a de-phase 
observable over several decades in frequency 

(Barausse et al. 2016)



Extreme mass ratio inspirals (EMRIs)





Two body encounters affect star orbits. The relaxation time is the 
time it takes for an orbit to experience a change dv~v: 

Because of segregation the density of COs goes with r-2  , within the 
influence radius sigma goes as r-1/2

So trlx goes with r1/2

To be captured, a CO has to ‘circularize’. From the quadrupole 
formula, the timescale for circularization is 

The condition for circularization is

The 1-e is because the ‘circularization 
timescale’ has to be smaller than the 
timescale needed to scatter the star out of the
‘capture loss cone’
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Equating the two timescales give

Note that for  ρ α r-2, dn/dr α const 
Moreover, the time it takes to scatter things in and out of the ‘capture 
loss cone is (1-e)trlx. 

(1-e) is proportional to 1/r , so that 
(1-e)trlx is proportional to r-1/2

In practice the largest contribution to capture comes from a
EMRI

!

What is the rate? The rate can be approximated as 
NCO(<a

EMRI
 )/T

rlx
(a

EMRI
)

For a MW cusp, N
CO

~104, T
rlx

(a
EMRI

)~1011yr
So the rate is ~10-7/yr or 100/Gyr 



Astrophysical uncertainties are huge:

-MBH mass function unknown below 106     
 solar masses

-distribution of compact objects (CO)          
 around MBH (Preto & Amaro-Seoane 2010)? 

-are COs inspiralling (thus producing          
 EMRIs) or plunging (Merritt 2015)?

-Scaling with mass too naive! (Babak+17)

Using astrophysically motivated prescriptions we generated 12 models:





Selected results: LISA reach and parameter estimation
(Babak et al, almost submitted...finally!)



Summary of EMRI parameter estimation

~1-1000 detections/yr

~typical sky localization better than 10 deg2

~distance to better than 10%

~MBH mass to better than 0.01%

~CO mass to better than 0.01%

~MBH spin to better than 0.001 

~plunge eccentricity to better than 0.0001

~deviation from Kerr quadrupole moment to <0.001

New tool for astrophysics (Gair et al 2010) cosmology (McLeod 
& Hogan 2008),  and fundamental physics (Gair et al 2013) …
to be further explored
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