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DESIGN:

The Laser Interferometer 
Space Antenna 

✤ ESA - L3 mission  
✤ 3 spacecrafts orbiting the Sun 
✤ Near equilateral triangular formation in 

heliocentric orbit (trailing Earth by ~50 
million km) 

✤ 6 laser links (3 active arms) 
✤ Arm-length: 2.5 million km 
✤ Mission duration: 4 to 10 yrs 
✤ Adoption Jan 2024, Launch: 2034/2037s

[LISA (2017), arXiv:1702.00786] https://sci.esa.int/lisa

https://sci.esa.int/lisa


Introduction

International Pulsar Timing Array

http://ipta4gw.org/


LISA

✤ Massive BBHs 

✤ Galactic binaries 

✤ Extreme mass ratio inspirals 

✤ Stellar-mass BBHs 

✤ Intermediate-mass BBHs 

✤ Stochastic GW backgrounds

[LISA (2017), arXiv:1702.00786]

LISA GW target sources: 

10 mHz - 0.1 Hz



The Double white dwarf population
Tens of thousands of double white dwarf binaries all over the Milky Way (and beyond)

[Korol+, MNRAS, 470, 1894 (2017); arXiv:1703.02555] 
[Korol+, MNRAS, 483, 5518 (2019); arXiv:1806.03306] 
[Lamberts+, MNRAS, 490, 5888 (2019); arXiv:1907.00014]

26k nominal - 40k extended



The Double white dwarf population
Tens of thousands of double white dwarf binaries all over the Milky Way (and beyond)

[LISA (2017), arXiv:1702.00786]

Courtesy of N. Tamanini

[Littenberg+ (2019), arXiv:1903.05583] 
[Kupfer+, MNRAS, 480, 302, (2018); arXiv:1805.00482]

Double White Dwarfs



The Double white dwarf population
Faint stars in a very short period

[Korol et al. 2017 arXiv:1703.02555]  

(g sloan)

Mc = (M1 * M2)3/5

(M1 + M2)1/5Chirp mass:

Most of the stars are located in  
the Galaxy centre

Binary Periods mostly between 30 
min and 3 min.



Center of Mass effect on GWs

Courtesy of N. Tamanini

Stellar-mass BBHs and Galactic binaries are long-living GWs sources for LISA:  
their GWs signal will be observed for as long as the whole mission duration (years)

This is the emitted GW signal, which is almost monochromatic. 
If source and observer are in motion relative to each other, the 
observed GW signal will be different!



Applications

Courtesy of N. Tamanini



WD binaries perturbed by a circumbinary companion
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The center of mass (CoM) of the DWD will move on a Keplerian orbit. 

two separate 
two-body 
problems. 

Pp >> Pb



Where (assuming circular orbits):

fobs(t) = (1 + vcom(t)
c ) fGW(t)

fGW(t) = f0 + f1t + 𝒪(t2) vcom = − K cos ( 2πt
PP

+ ϕ0)
K = ( 2πG

PP )
1/3 MP

(MB + MP)2/3 sin i
WDs orbit slowly shrinks: 
—> low GW energy  
—> Monochromatic GW   
—> constant (frequency changing on timescales >> observational times) —> 
series expansion around the initial observed frequency suffice in describing 
their time evolution

WD binaries perturbed by a circumbinary companion
The gravitational attraction of third circumbinary object will imprint a Doppler frequency 
modulation on the GW signal (as long as the dynamics is non-relativistic):



WD binaries perturbed by a circumbinary companion

The CoM motion

vcom = �K cos

✓
2⇡t

Pp
+ '0

◆

modulates the GW signal

fgw(t) = f0 + f1t

similarly to FM broadcasting.

Three new parameters can be
determined from the signal:

Pp '0 K

Nicola Tamanini Circumbinary exoplanets with LISA

The CoM motion

vcom = − K cos ( 2πt
PP

+ ϕ0)

fGW(t) = f0 + f1t

modulates the GW signal

similarly to FM broadcasting.  

Three new parameters can be determined from 
the signal: 

PP ϕ0 K
period orbital 

phase
RV semi-
amplitude

WD binaries perturbed by a circumbinary companion
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DWDs detected by LISA
4 yr observations

[Danielski et al,  A&A, 632, 113 (2019); arXiv:1910.05414]

Galactocentric Cartesian coordinate system.



Scenarios of detection everywhere in the MW
Depending by the separation and mass distributions of sub-stellar objects

1) Simulation of the Galactic DWD population 
2) Injection of circumbinary sub-stellar bodies 
3) LISA detections

[Danielski+, A&A, 632, 113 (2019); arXiv:1910.05414]

Methods: Information matrix analysis  
Assumptions: one planet in a circular orbit

SNR ∝ MP , f0 , 1
d

Detection:

σP, σK < 30 %

E.M. HORIZON:  
~ 3 kpc  average and ~ 8 kpc with 

microlensingSolar neighbourhood

C. Danielski et al.: Circumbinary exoplanets and brown dwarfs with the Laser Interferometer Space Antenna

Table 1. Number of planetary detections depending by the different combinations of mass and semi-major axes distributions.

DETECTIONS (4 yr)

(A)Ua (0.1–200 au) (B) logUa (0.1–200 au) (C) log Normala (0.1–200 au) (D) a
�0.61 (0.1–200 au)

CBPs BDs CBPs BDs CBPs BDs CBPs BDs

(1)UM (1M� – 0.08 M�) 3 (0.011%) 79 (0.302%) 83 (0.317%) 2218 (8.482%) 18 (0.069%) 503 (1.924%) 28 (0.107%) 820 (3.136%)
(2) M

�1.31 6 (0.023%) 14 (0.054%) 30 (0.115%) 316 (1.209%) 5 (0.019%) 85 (0.325%) 13 (0.050%) 131 (0.501%)

Notes. In bold the minimal and maximal values for both CBPs and BDs. The percentage is computed over a total of 26 148 DWDs (visible during
the nominal LISA mission length).

Fig. 4. Optimistic (top left, B1) with its zoom-in on the solar region (top right, heliocentric coordinates), intermediate (bottom left, C1), and
pessimistic (bottom right, A1) scenarios. Each plot shows the location of the binary WD system with a planetary companion (red) and BD (green)
detection through GWs. In each panel we also plot the known detected exoplanets’s host-star (see legend for colour scheme; data from https://
exoplanetarchive.ipac.caltech.edu). We note that data overlay a face-on black and white image of the Milky Way for Galactic location
reference purposes.

for both time frames of eight and four years. In general the
longer the LISA observational period, the longer the SSO period
and separation that will be recovered. This can be easily visu-
alised in Fig. 5 where the eight-year bulk of detected CBPs

(BDs), presents periods up to ⇠12 (⇠30) yr, compared to only
⇠6 (⇠10) yr over a four-year mission. A similar trend is observed
for the separation a, as of course this is directly related to the
period.

A113, page 7 of 15
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Optimistic

Information matrix is used to calculate the 
covariance matrices associated with maximum-

likelihood estimates.



Scenarios of detection everywhere in the MW
Depending by the separation and mass distributions of sub-stellar objects

1) Simulation of the Galactic DWD population 
2) Injection of circumbinary sub-stellar bodies 
3) LISA detections

[Danielski+, A&A, 632, 113 (2019); arXiv:1910.05414]

Solar neighbourhood

C. Danielski et al.: Circumbinary exoplanets and brown dwarfs with the Laser Interferometer Space Antenna
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Optimistic
PessimisticIntermediate
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Lower number of detections but still away from solar 
neighbourhood 



Scenarios of detection everywhere in the MW
[Danielski+, A&A, 632, 113 (2019); arXiv:1910.05414]



Exoplanets VS Brown Dwarfs
Exoplanets Brown Dwarfs



Exoplanets VS Brown Dwarfs
Exoplanets Brown Dwarfs



Optimistic scenario VS LISA observation time
MP > 1 MJup, PP < LISA observing time

[Tamanini & Danielski, Nat. Astron., 3, 858 (2019); arXiv:1812.04330] 
[Danielski+, A&A, 632, 113 (2019); arXiv:1910.05414]
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(B1) - 8 yrs

Brown Dwarfs

Planets

LISA  
observational time

13 Mj : 2H 
burning  
limit

4 YEARS 8 YEARS
PLANETS 3 - 83 8 - 215

BDs 14 - 2218 43 - 4684

Pessimistic
Optimistic



8 versus 4 years of observations
[Danielski+, A&A, 632, 113 (2019); arXiv:1910.05414]



Selection functions of both LISA and of main EM

[Tamanini & Danielski, Nat. Astron., 3, 858 (2019); arXiv:1812.04330] 

Done with information  
matrix, to be updated  
with new upcoming 
results



LISA could detect extragalactic planets
A target beyond standard EM observations

[Korol+, ApJL, 866, 20 (2018); arXiv:1808.05959] 
[Korol+, A&A, 638, 5518 (2020); arXiv:2002.10462] 
[Roebber+, ApJL, 894, 15 (2020); arXiv: 2002.10465] Strength of the signal mainly 

depends on three intrinsic binary 
parameters: f (or P), Mc and d.

A = (GMc)5/3(πf )2/3

c4d



LISA could detect extragalactic planets
A target beyond standard EM observations

Circumbinary system in 
Large Magellanic Cloud

Space-based GW observatory 
in the Solar System

Continuous GW signal emitted by DWD 
in orbit with a third object

Observed GW waveform Doppler 
modulated in frequency 

Time

S
tra
in

We are 
here

Milky Way
Small 

Magellanic 
Cloud

Large 
Magellanic 

Cloud

Figure 1: Simple schematic representation on how a space-based GW observatory such
as LISA can observe circumbinary exoplanets outside the Milky Way. More details in
the text. Credits: ESA for LISA cartoon; Nina McCurdy / Nick Risinger / NASA for
image of galaxies.

able to measure the GW frequency of these signals with extreme accuracy, implying
that any small deviations from the almost monochromatic behaviour will be easy
to detect. Such a frequency shift can be induced by the gravitational attraction of
a third object orbiting the DWDs [17], for example a circumbinary planet. This
third body will force the DWD center of mass to move on a small Keplerian orbit
and consequently to imprint a periodic Doppler modulation on the frequency of the
produced GW signal [15] (cf. Fig. 1, top-right). By detecting and characterizing this
Doppler modulation, LISA will have the potential to estimate the period and the
mass of the third object if its mass is comparable or heavier than Jupiter’s and its
separation from the DWD is less than 10 au [15]. Our recent estimates predict that
LISA could detect up to few hundreds exoplanets and a larger number of more massive
circumbinary objects [16].

Such a population of exoplanets, which will be probed for the first time, can be
detected all over the Milky Way, overcoming the horizon limitation of current and
upcoming electromagnetic exoplanetary surveys, restricted to observe in the Solar
neighbourhood. Space-based GW astronomy will thus be the only technique that will
allow us to unveil the true Galactic planetary population in the next two decades.

Even more interesting is that DWD observations with space-based GW detectors
are not limited to the Milky Way. LISA has the sensitivity to detect compact stellar
binaries up to the limit of the local group, and in particular in nearby galaxies [18].
Recent estimates show that up to few hundreds DWDs might be detected in the

3

LISA can detect a bound planet in the LMC only if  with optimal orbit (limit of planet 
detectability)

M ≳ 10 Mj

[Danielski & Tamanini, IJMPD (2020);  
arXiv:2007.07010]



Bayesian analysis
Analysis developed in the framework of the  
LISA Data Processing Group - LISA Data Challenge  
Katz Micheal, Babak S., Cornish N., Karnesis N., Littenberg T., Petiteau A., Pieroni M., Tamanini N.

PLANET 
(fitting for)

Inclusion of eccentricity 

Mp =  12 Mjup 
a =  4.20 au 
e = 0.362  
P = 2.35 years 
 
SNR = 89 
P_bin = 0.00612775 days 
d = 4.305 kpc 
wd1_mass = 0.23 Msun 
wd2_mass = 0.28 Msun 

C. Danielski - DAA Uni Valencia 1912//22

[Katz, Danielski et al., 2022, MNRAS]



Inclusion of eccentricity 

M =  30 Mjup 
a =  5 au 
e = 0.224  
P = 2.05 years 
 
SNR = 883 
P_bin = 0.0113972 days 
d = 0.556 kpc 
wd1_mass = 0.416 Msun 
wd2_mass = 0.302 Msun 

BROWN  
DWARF 
(fitting for)

[Katz, Danielski et al., 2022, MNRAS]Bayesian analysis
Analysis developed in the framework of the  
LISA Data Processing Group - LISA Data Challenge  
Katz Micheal, Babak S., Cornish N., Karnesis N., Littenberg T., Petiteau A., Pieroni M., Tamanini N.



BROWN  
DWARF 

(not fitting for)

PLANET 
(not fitting for)

What happens when we don’t account 
for the presence of a third body?

Fdot is completely offset.  
This means that the binary 

chirp mass will be 
completely erroneous

C. Danielski



What happens when we don’t account for the presence of a 
third body?
[Katz, Danielski et al., 2022, MNRAS]

2D marginalized posterior 
distributions 

Undetectable (log B12 < 5) 
detectable (log B12 ≥ 5) 
systems 

(B12 is the  Bayes factor)

Third body template
GR only template



C. Danielski

SKY LOCALIZATION PLANE 

Undetectable (log B12 < 5) 
detectable (log B12 ≥ 5) 
systems 

(B12 is the  Bayes factor)

What happens when we don’t account for the presence of a 
third body?
[Katz, Danielski et al., 2022, MNRAS] Third body template

GR only template



[Katz, Danielski et al., 2022, MNRAS]

Sources with  
P2 < Tobs/2  (Tobs = 4 yr),  
which represents the 
Nyquist sampling criterion 
to completely sample the 
third-body orbital evolution

Detections in optimistic scenario

Injection values



The quest for Magrathea
Current status of the science case

• Data analysis: 
• Method development + EM synergies overview (Tamanini & Danielski, 2019) 
• Information matrix analysis with LISA DWD MW population (Danielski et al, 2019) 

- P, phi, K 
• Frequency-domain (Bayesian) PE code (Katz et al, 2022) - inclusion of pl. 

eccentricity 

• Assess the role of orbital components 
• Planetary eccentricity (Danielski et al, in prep : bayesian population analysis) 

• Planetary evolution theories 
• DWD + planet co-evolution analysis  (Columba et al, 2023) 
• Second generation planetary formation around DWD (Ledda et al, 2023) 
• Orbital stability of second generation Magrathea planets (Nigioni et al, in review)



What’s needed ?
• Assess the role of orbital components 

• Eccentricity of inner binary 
• Planet-binary interactions (Kozai-Lidov, tides, …) 
• Multiple circumbinary objects 
• GR effects in closer orbits 
• Definition of minimum acceleration of CoM for 

being detected by LISA  

• Further develop planetary evolution theories 
• DWD + post-AGB disc interaction:  
• Orbital stability and new generation formation 

studies accounting for interaction of first 
generation with newly formed planets

• Explore synergy with EM observations 
• Identify pre-LISA candidates (verification triple 

systems?) - 47 Tuc ?  
• Develop follow-up strategies (microlensing, 

transits, direct imaging, … 
• More detection of CBP around MS compact 

binaries

• Data analysis 
• Integration of pipeline and test it within global fit analyses (LDC - far future)

Key for a global characterisation of these planets 
(radius, mass, density, system orbital architecture)

+ priors on CBP around MS, or post AGB systems 

for pop synthesis purposes.


