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A fairytale… 
     … a story…  
         … not a textbook. 
              → Don’t look for precise numbers 
                   → don’t care for factors of 2 
                        → don’t care if a sketch cannot be 
                                   implemented as shown 
                                   → simply don’t care for details, 
                                              but care for the bigger picture 
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You are curious about …

White Dwarfs

Radius ~7000 - 14000 km


mass <1,44 M☉

Neutron Stars

Radius ~10-14 km


mass ~1-3 M☉

Black Holes

Radius ~3 km/M☉ 
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(M☉ = Sonnenmasse)Credits: Event Horizon Telescope collaboration et al.

Sirius A (Stern)

Sirius B (Weißer Zwerg)

https://en.wikipedia.org/wiki/White_dwarf#/media/
File:Sirius_A_and_B_Hubble_photo.editted.PNG

https://en.wikipedia.org/wiki/White_dwarf#/media/File:Sirius_A_and_B_Hubble_photo.editted.PNG
https://en.wikipedia.org/wiki/White_dwarf#/media/File:Sirius_A_and_B_Hubble_photo.editted.PNG
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The 'rst direct gravitational-wave detection was made by
the Advanced Laser Interferometer Gravitational Wave Ob-
servatory on September 14, 2015. The GW150914 signal was
strong enough to be apparent, without using any wave-
formmodel, in the 'ltered detector strain data. Here, fea-
tures of the signal visible in the data are analyzed using
concepts from Newtonian physics and general relativity, ac-
cessible to anyone with a general physics background. The
simple analysis presented here is consistent with the fully
general-relativistic analyses published elsewhere, in show-
ing that the signal was produced by the inspiral and subse-
quent merger of two black holes. The black holes were each
of approximately 35 M" , still orbited each other as close as
∼350 km apart and subsequently merged to form a single
black hole. Similar reasoning, directly from the data, is used
to roughly estimate how far these black holes were from
the Earth, and the energy that they radiated in gravitational
waves.

1 Introduction

Advanced LIGO made the first observation of a gravi-
tational wave (GW) signal, GW150914 [1], on Septem-
ber 14th, 2015, a successful confirmation of a prediction
by Einstein’s theory of general relativity (GR). The sig-
nal was clearly seen by the two LIGO detectors located
in Hanford, WA and Livingston, LA. Extracting the full
information about the source of the signal requires de-
tailed analytical and computational methods (see [2–6]
and references therein for details). However, much can
be learned about the source by direct inspection of the
detector data and some basic physics [7], accessible to a
general physics audience, as well as students and teach-
ers. This simple analysis indicates that the source is two
black holes (BHs) orbiting around one another and then
merging to form another black hole.

A black hole is a region of space-time where the
gravitational field is so intense that neither matter nor

radiation can escape. There is a natural “gravitational ra-
dius” associated with a mass m, called the Schwarzschild
radius, given by

rSchwarz(m) = 2Gm
c2 = 2.95

(
m

M"

)
km, (1)

where M" = 1.99 × 1030kg is the mass of the Sun, G =
6.67 × 10−11 m3/s2kg is Newton’s gravitational constant,
and c = 2.998 × 108 m/s is the speed of light. According
to the hoop conjecture, if a non-spinning mass is com-
pressed to within that radius, then it must form a black
hole [8]. Once the black hole is formed, any object that
comes within this radius can no longer escape out of it.

Here, the result that GW150914 was emitted by the in-
spiral and merger of two black holes follows from (1) the
strain data visible at the instrument output, (2) dimen-
sional and scaling arguments, (3) primarily Newtonian
orbital dynamics and (4) the Einstein quadrupole for-
mula for the luminosity of a gravitational wave source.1

These calculations are straightforward enough that they
can be readily verified with pencil and paper in a short
time. Our presentation is by design approximate, empha-
sizing simple arguments.

Specifically, while the orbital motion of two bodies
is approximated by Newtonian dynamics and Kepler’s
laws to high precision at sufficiently large separations
and sufficiently low velocities, we will invoke Newtonian
dynamics to describe the motion even toward the end
point of orbital motion (We revisit this assumption in

∗ lvc.publications@ligo.org
∗∗ Full author list appears at the end.

This is an open access article under the terms of the Creative
Commons Attribution License,which permits use, distribution
and reproduction in anymedium,provided the original work is
properly cited.

1 In the terminology of GR corrections to Newtonian dynamics, (3) &
(4) constitute the “0th post-Newtonian” approximation (0PN) (see
Sec. 4.4). A similar approximationwas used for the 'rst analysis of
binary pulsar PSR 1913+16 [9, 10].
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3 Evidence for compactness in the simplest
case

For simplicity, suppose that the two bodies have equal
masses, m1 = m2. The value of the chirp mass then im-
plies that m1 = m2 = 21/5M = 35 M! , so that the total
mass would be M = m1 + m2 = 70 M! . We also assume
for now that the objects are not spinning, and that their
orbits remain Keplerian and essentially circular until the
point of peak amplitude.

Around the time of peak amplitude the bodies there-
fore had an orbital separation R given by

R =
(

G M
ω2

Kep

∣∣
max

)1/3

= 350 km. (9)

Compared to normal length scales for stars, this is a
tiny value. This constrains the objects to be exceedingly
small, or else they would have collided and merged long
before reaching such close proximity. Main-sequence
stars have radii measured in hundreds of thousands or
millions of kilometers, and white dwarf (WD) stars have
radii which are typically ten thousand kilometers. Scal-
ing Eq. 9 shows that such stars’ inspiral evolution would
have terminated with a collision at an orbital frequency
of a few mHz (far below 1 Hz).

The most compact stars known are neutron stars,
which have radii of about ten kilometers. Two neutron
stars could have orbited at this separation without collid-
ing or merging together – but the maximum mass that a
neutron star can have before collapsing into a black hole
is about 3 M! (see App. B).

In our case, the bodies of mass m1 = m2 = 35 M!
each have a Schwarzschild radius of 103 km. This is
illustrated in Fig. 4. The orbital separation of these
objects, 350 km, is only about twice the sum of their
Schwarzschild radii.

In order to quantify the closeness of the two objects
relative to their natural gravitational radius, we intro-
duce the compactness ratio R. This is defined as the
Newtonian orbital separation between the centers of
the objects divided by the sum of their smallest possi-
ble respective radii (as compact objects). For the non-
spinning, circular orbit, equal-mass case just discussed
R = 350 km/206 km ∼ 1.7.

For comparison with other known Keplerian systems,
the orbit of Mercury, the innermost planet in our solar
system, has R ∼ 2 × 107, the binary orbit for the stellar

Figure 4 A demonstration of the scale of the orbit at minimal
separation (black, 350 km) vs. the scale of the compact radii:
Schwarzschild (red, diameter 200 km) and extremal Kerr (blue, di-
ameter 100 km). Note the masses here are equal; as Sec. 4.2 ex-
plains, the system is even more compact for unequal masses.
While identi%cation of a rigid reference frame for measuring dis-
tances between points is not unique in relativity, this complica-
tion only really arises with strong gravitational %elds, while in the
Keplerian regime (of low compactness and low gravitational po-
tentials) the system’s center-of-mass rest-frame can be used.
Therefore if the system is claimed to be non-compact, the Keple-
rian argument should hold, and constrain the distances to be com-
pact. Thus the possibility of non-compactness is inconsistent with
the data; see also Sec. 4.4.

black hole in Cyg X-16 has R ∼ 3 × 105, and the binary
system of highest known orbital frequency, the WD sys-
tem HM Cancri (RX J0806), has R ∼ 2 × 104 [24]. Obser-
vations of orbits around our galactic center indicate the
presence of a supermassive black hole, named Sgr A* [25,
26], with the star S2 orbiting it as close as R ∼ 103. For a
system of two neutron stars just touching, R would be
between ∼2 and ∼5.

The fact that the Newtonian/Keplerian evolution of
the orbit inferred from the signal of GW150914 breaks
down when the separation is about the order of the black
hole radii (compactness ratio R of order 1) is further evi-
dence that the objects are highly compact.

6 Radio, optical and X-ray telescopes have probed the accretion disk
extendingmuch further inside [23].

C© 2016 The Authors. Annalen der Physik published by Wiley-VCH Verlag GmbH & Co. KGaA Weinheim (5 of 17) 1600209www.ann-phys.org
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LISA vs ground-based detectors
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Credit: Christopher Moore, Robert Cole and Christopher Berry

Source: http://gwplotter.com

…. 
~1x per 3 min.

…. 
~4x per day

Objects orbit another 
50 times per sec! 

…. 
5 times per sec! 

…. 
500 times per sec!

Neutron StarsBlack Holes

BH image credits: Event Horizon Telescope collaboration et al.

Black Holes
Neutron Stars

http://rhcole.com/
http://cplberry.com/
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Credit: Christopher Moore, Robert Cole and Christopher Berry

Source: http://gwplotter.com

Seismic  

and Newtonian noise  

(gravity gradient noise)  

limit to low frequencies

LISA vs ground-based detectors

(LIGO) Laser Interferometer Gravitational-wave Observatory 
 Space Antenna        
  LISA     

http://rhcole.com/
http://cplberry.com/
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How big would you make it?

• you ask your friend Bill Weber 
• He suggests: choose 2.5 mio km!  
• → See his slide “The right size for LISA: why L=2.5 million km?”

10
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LISA - a LIGO in space?

Image: https://de.wikipedia.org/wiki/Datei:LIGO_simplified.svg

https://www.sternenpark-schwaebische-alb.de/einsteiger-astronomie/objekte-des-nachthimmels.html#sigplus_1001-3

How do you place this into space?

→ Every building on ground → one spacecraft!

→ no vacuum tubes needed (obviously)

→ end mirrors free floating inside the satellite 
     (no mirror suspension like on ground)

→ each end mirror needs a quiet orbit  
     (as few forces acting as possible)

Erde: https://de.wikipedia.org/wiki/Erde#/media/Datei:Earth_From_the_Perspective_of_Artemis_II_(cropped).jpg

https://de.wikipedia.org/wiki/Datei:LIGO_simplified.svg
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• 3 identische Satelliten in einem heliozentrischen Orbit 

• Kippung der Orbits gegen die Ekliptik (Erdorbit) ist anders für jeden Satelliten  
→ Gesamtformation: Dreieck mit 2.5 Millionen km Kantenlänge  

12

LISA - a LIGO in space?

and close the triangle! 

We need redundancy in space!!

and you gain physics


Your friend suggests: 60° Michelson, not 90°
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• 3 identische Satelliten in einem heliozentrischen Orbit 

• Kippung der Orbits gegen die Ekliptik (Erdorbit) ist anders für jeden Satelliten  
→ Gesamtformation: Dreieck mit 2.5 Millionen km Kantenlänge  
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LISA - a LIGO in space?

~1,4 mio km

~2,5 mio km ~12.700 km

Let’s briefly look at the size of LISA
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LISA - a LIGO in space?

14

2.5 Mio km

Warnung:  
Bilder und Inhalte dienen einer 
schrittweisen Herleitung. 
Sie sind so inhaltlich nicht korrekt.
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LISA - a LIGO in space?
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2.5 Mio km

Credit: ESA, https://sci.esa.int/s/8gJbNGW Credit ESA, https://sci.esa.int/s/wbpmPp8
Warnung:  
Bilder und Inhalte dienen einer 
schrittweisen Herleitung. 
Sie sind so inhaltlich nicht korrekt.



But you get worried….

… laser beams diverge!


What is the size of the beam arriving at a 
remote spacecraft?


A rough estimate using

Gaussian Beams
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Gaussian beams in a nutshell

• 


• Spot radius (i.e. radius at which the intensity dropped by  
compared to the axial value) :   

• Waist size = smallest radius along :       


• Rayleigh range: distance by which the spot radius increased by  :  
                          


• Radius of curvature (wavefront property): 


• Gouy phase 


• Divergence (half-angle):   


• in the far field: 

E = 2Pb

πw2(z) exp (− x2 + y2

w2(z) ) exp −ikz − i (k
x2 + y2

2R(z) − η(z)) eiωt

1/e2

z w0 = z0λ
π

= w(z = 0)

2
w(z0) = 2w0

R(z) = z [1 + ( z0
z )

2

]
η(z) = arctan(z /z0)

ϑ = λ
πw0

w(z) = ϑ ⋅ z

17

w(z)

ϑ
z

w0

→ The smaller the waist, the more the beam diverges!

→ The larger the waist, the smaller the beam in the far field!

w(z) = w0 1 + ( z
z0 )

2

C
ha

pt
er

3

3.2. Simulation of the LISA Pathfinder phase demodulation
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 0.5

 1

w0

w(z)
 

0 z0 3z0-3z0 -z0 5z0-5z0

w0

3w0

5w0

-w0

-3w0

-5w0 w(±z0)= 2 w0R
ad

ia
l d

is
ta

nc
e 

fro
m

 b
ea

m
 a

xi
s

Distance from waist (z)

Figure 3.3.: Gaussian beam properties. Shown are the waist w0, spot size w(z) and the meaning
of the Rayleigh range z0. Furthermore the divergence ✓div of the beam is half of the opening angle
✓div = ⇥

2 .

The red arcs of circles in figure 3.3 indicate the wavefronts of the Gaussian beam, that
means all points with the same phase �. These wavefronts have locally the shape of
spheres which can be fully represented by their radius: the radius of curvature R(z).
This can be computed from the Rayleigh range z0 and the distance z from the waist:

R(z) = z


1 +

⇣z0

z

⌘2
�

. (3.8)

Its shape is illustrated in figure 3.4.
A Gaussian beam collects an additional phase shift of ⇡ when it passes its waist. This
additional phase is called Gouy phase ⇣(z) and has a value of

⇣(z) := arctan(z/z0) . (3.9)

This is illustrated again in figure 3.4. Finally, the complex beam parameter q(z) is
defined as

q(z) := z + iz0 , (3.10)

and the wavenumber k is
k = 2⇡/� . (3.11)

A Gaussian beam is symmetric with respect to the axis of propagation – the beam
axis. Thus, cylindrical coordinates are used: (r, z) = (

p
x2 + y2, z). Using all given

definitions and setting the electric constant ✏0, and the magnetic constant µ0, to one,
the electric field of a Gaussian beam can be written in the standard form:

E(r, z, t) = E(r, z) · exp(i!t) (3.12)

27

w0
2w0
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Spot size and beam power received at a remote spacecraft

• 


• Spot size estimate:  
What’s the beam radius arriving at the remote spacecraft? 

• Divergence (half-angle):   


• in the far field: 


• wavelength 

• propagation distance? Armlength → 


→ 


• Let’s guess some waist sizes:  1 cm,        15 cm,          25 cm

→      ,  ,     


→ You find again: it’s favorable to have a large waist size. 
→ You expect your satellites to need telescopes! 

→ You quickly prove this… 
→ what’s the received power, if the receiving aperture is as large as the transmitting one?

E = 2Pb

πw2(z) exp (− x2 + y2

w2(z) ) exp −ikz − i (k
x2 + y2

2R(z) − η(z)) eiωt

ϑ = λ
πw0

w(z) = ϑ ⋅ z = λ
πw0

⋅ z

λ = 1064 nm
z = 2.5 ⋅ 109 m

w(z) = λ
πw0

⋅ z = 1064 nm
πw0

⋅ 2.5 ⋅ 109 m

w0 = w0 = w0 =
w(z) ≈ 85 km w(z) ≈ 5.6 km w(z) ≈ 3.4 km

19

w(z)

ϑ
zw0

Image: https://www.cosmos.esa.int/web/lisa/lisa-redbook
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Bill Weber’s slide from yesterday

21

due to clipping at the telescope → rather work with diffracted light, not Gaussian beams…

see slide “LISA constellation and <<fundamental >> 
shot noise limit” by Bill Weber
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Received power??

• 


• What’s the power received at the remote spacecraft? 
• You assume: the receiving aperture radius matches  

the transmitted radius. 
• We assume a 1cm (or 15cm, or  25 cm) receiving aperture radius    

•  




• you test these numbers and find: 

E = 2Pb

πw2(z) exp (− x2 + y2

w2(z) ) exp −ikz − i (k
x2 + y2

2R(z) − η(z)) eiωt

P = ∫S
dS I(x, y, z, t)

= ∫
0.15 m

0
2πrdr

2Pb

πw2(z) exp (− 2r2

w2(z) )

22

• Amplitude of a Gaussian beam 




• Intensity 


• Power 

A = A(x, y, z, t) = 2Pb

πw2(z) exp (− x2 + y2

w2(z) )
I = |E |2 = A(x, y, z, t)2

P = ∫S
dS I(x, y, z, t)

→ All numbers seem tiny! 

→ You ask ESA for a 50 cm (25cm radius) telescope, 


→ ESA rejects: too expensive.

→ You double-check your numbers and decide:  

a 30 cm telescope will do - with some creativity… 

→ You also note: each telescope is used in transmit and 

receive direction.

→ A 30cm-diameter telescope does not fit a  

15 cm waist-radius Gaussian beam! 

→ So your estimate was only very rough. 

→ In reality: even less received light, which is split 

onto several photodiodes.

• Our assumed waist sizes:        

• 1 cm,        15 cm,          25 cm

→ ,  ,     

w0 = w0 = w0 =
w(z) ≈ 85 km w(z) ≈ 5.6 km w(z) ≈ 3.4 km
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LISA - a LIGO in space?
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2.5 Mio km

Credit: ESA, https://sci.esa.int/s/8gJbNGW Credit ESA, https://sci.esa.int/s/wbpmPp8

LISA - completely over-simplified.  
         This is not how LISA actually works.

that’s not how LISA works!  
slide content is drawn to  
stepwise derive concepts
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LISA - a LIGO in space?
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LISA - simplified.  
         This is not how LISA actually works.

that’s not how LISA works!  
slide content is drawn to  
stepwise derive concepts

Your first idea:

• Save a factor of 2 in power by splitting 

up each Michelson

→ Measure the distance variation between 

two test masses

But: sending light from one SC to another, we 
lose 9 orders of magnitude in light power!


→ reflecting back means !

→ that’s not solved with a factor of 2

10−18
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LISA interferometry concepts
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2,5 Mio km

2,5 Mio km
Satellite 1 Satellite 2

2,5 Mio km
Satellite 1 Satellite 2

first then

same as

1st measurement  
after ~8.3 sec

2nd measurement 
after ~16.7 sec
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LISA interferometry concepts

26

2,5 Mio km

2,5 Mio km
Satellite 1 Satellite 2

2,5 Mio km
Satellite 1 Satellite 2

same as

Lasers run continuously. 
We subtract phases measured at 
different locations and different 
times. 

Subtraction done on ground (Earth)!

8.3 0.001

8.5
 0.002
8.7
 0.001
8.9
 0.003
9.1 0.002
9.3
 0.002
9.5 0.003
9.7 0.003

9.9 0.004

16.5 0.003

16.7
 0.003

16.9 0.002

17.1
 0.004
17.3
 0.003

17.5
 0.003

17.7
 0.005

17.9
 0.004

18.1
 0.005
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Time Delay Interferometry
• How can we measure the distance variation between two test masses?

27

oversimplified and just a thought experiment, 
that’s not how LISA works!!

• Let’s reduce the drawings before we 
actually get to a functioning LISA

this does not work yet!

• Laser frequency noise  couples to length 
readout. Coupling is proportional to arm length 
mismatch :  

   

      

       
• That’s way too high.  

We need picometer-levels!

f̃

ΔL

x̃ ≈ λΔL
c

f̃

≈ 10−6 m

3 ⋅ 108 m/s
5.000.000 km ⋅ 30 Hz / Hz

≈ 500 µm/ Hz

f̃1(t + 16s) − f̃1(t)
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f̃ 1(t
+

16
s)

−
f̃ 1(t

)

Time Delay Interferometry

f̃1(t + 16s) − f̃1(t)

• This is “Time Delay Interferometry” 
• means:  by combining measurements from different locations at different times, we 

synthesize an effective equal arm length interferometer

28

oversimplified and just a thought experiment, 
that’s not how LISA works!!

• This is TDI generation 0: 
• Assumptions: 

• equal and constant arm lengths!
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LISA - strongly simplified.  
    

LISA interferometry basics

29

that’s not how LISA works!  
slide content is drawn to  
stepwise derive concepts

This should work! - you think…

… but satellites are not buildings on  

Earth

… how stable are the arm lengths?

… You ask your friend [1] again, who replies

ESA UNCLASSIFIED - Releasable to the Public LISA Definition Study Report - ESA-SCI-DIR-RP-002

5000 1000 1500 2000 2500 3000 3500 4000

Figure 6.2: Overview of the orbital parameters for the baseline orbit.

The mean Earth distance is drifting over time. Since the spacecraft are bound to the dynamics of
the Earth-Sun system, choosing a certain MIDA results in different drifting scenarios. The most
interesting for LISA is a drift pattern that sees the constellation initially moving closer to the Earth
before moving away again, optimising the average distance to Earth, as shown in the bottom graph
in Figure 6.2.
Iterations between the capabilities of the instrument as described in Chapter 5 and the constraints on
orbital dynamics lead to derived key performance requirements on the orbital design summarised in
Table 6.1.

Table 6.1: Summary of the key performance requirements on the orbital design for LISA

Parameter Requirement

Arm-length rate of change <12m/s

Corner Angle Variation <1.5° with 95% confidence

Deterministic perturbing accelerations produced by
spacecraft along the measurement direction <2 nm/s2

Stochastic perturbing accelerations in any direction <1 nm/s2

Arm-length rate of change is a key parameter to ensure that the dynamic range of the beatnotes of
the interferometric signals is within the capabilities of the acquisition systems. A good compromise
was found in limiting the relative velocities to within 12m/s (and thus the Doppler frequencies to
within ⇡12MHz). The range is limited by the bandwidth of the photoreceivers and the processing
chain in the phasemeter.
Another key factor driven by obtainable technology is the variation of the inner angles of the
Page 97/154

[1]: ESA-SCI-DIR-RP-002 (red book)
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Time Delay Interferometry
f̃ 1 (t +

L 2
c

)−
f̃ 1(t

)

f̃1 (t + L1
c ) − f̃1(t)

• Laser frequency noise  couples to length 
readout. Coupling is proportional to arm length 
mismatch :  

   

      

       
• That’s too high, we need picometer-levels!

f̃

ΔL

x̃ ≈ λΔL
c

f̃

≈ 10−6 m

3 ⋅ 108 m/s
2 ⋅ 25.000 km ⋅ 30 Hz / Hz

≈ 5 µm/ Hz

• This is “Time Delay Interferometry” 
• means:  by combining measurements from different locations at different times, we 

synthesize an effective equal arm length interferometer

30

oversimplified and just a thought experiment, 
that’s not how LISA works!!

→ This is a simple Michelson interferometer

→ Would work, if the arms were equal.

→ Arm lengths vary by ~1% (~25.000 km) 

during a year

Credit for figure armlength variation: ESOC & Oliver Jennrich

0 500 1000 1500 2000 2500 3000 3500

2.46
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Time Delay Interferometry
f̃ 1 (t +

L 2
c

)−
f̃ 1(t

)

f̃1 (t + L1
c ) − f̃1(t)

• This is “Time Delay Interferometry” 
• means:  by combining measurements from different locations at different times, we 

synthesize an effective equal arm length interferometer

31

oversimplified and just a thought experiment, 
that’s not how LISA works!! Credit for figure armlength variation: ESOC & Oliver Jennrich
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• This is TDI generation 1: 
• Assumptions: 

• unequal and constant arm lengths!
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Time Delay Interferometry
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• This is TDI generation 1: 
• Assumptions: 

• unequal and constant arm lengths!

• This is TDI generation 0: 
• Assumptions: 

• equal and constant arm lengths!

• And TDI generation 2? 
• Assumptions: 

• unequal and time-
varying arm lengths! 

→ more paths needed

• This is “Time Delay Interferometry” 
• means:  by combining measurements from different locations at different times, we synthesize 

an effective equal arm length interferometer
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Time Delay Interferometry
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Time Delay Interferometry (TDI)

92 3 Time-Delay Interferometry
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Figure 3.6: Synthesised photon paths of the Michelson combinations. Shown are
the paths for X, Y and Z and its synthesised contributions ÷i(t) in analogy to Fig. 3.4.
Note the cyclic permutation of links for Y and Z. The blue path corresponds to the
first bracket in Eqn. (3.26a) – (3.26c), the black path to the second bracket.

measurements s̄2Õ(t) and s̄3(t) do not exist. Since ÷i(t) is constructed from the
corresponding s̄i(t) comparable to Eq. (3.22a) and (3.22b), ÷2Õ(t) and ÷3(t) are not
accessible in turn and X reduces to

X(t) æ ÷1:22Õ + ÷1Õ ≠ ÷1Õ:3Õ3 ≠ ÷1 = ( ‚D2Õ ‚D2 ≠ 1)÷1 ≠ ( ‚D3 ‚D3Õ ≠ 1)÷1Õ .

For a static case, ‚Di = ‚DiÕ and hence

X(t) æ ( ‚D
2
2 ≠ 1)÷1 ≠ ( ‚D

2
3 ≠ 1)÷1Õ ,

which corresponds to Eq. (3.14), the laser phase noise free combination for the
unequal-arm Michelson interferometric setup discussed in Sec. 3.1.2. This is why
the X-combination is commonly called TDI Michelson variable.

It can be shown explicitly for TDI-X that it is laser phase noise free, even in
the case that we have to distinguish between ‚Dk and ‚DkÕ (TDI 1.5). Therefore,
we insert the signals ÷i(t) given by Eqn. (3.25a) and (3.25b) into X, use the fibre
reciprocity and further neglect any secondary noise (‘≥’):

X(÷1, . . . ,÷3Õ) ≥ [(H2Õ + p1:3Õ ≠ p2):322Õ +(H1 + p2:3 ≠ p1):22Õ +(H3 + p1:2 ≠ p3):2Õ

+H1Õ + p3:2Õ ≠p1]≠[(H3 + p1:2 ≠ p3):2Õ3Õ3 +(H1Õ + p3:2Õ ≠ p1):3Õ3
+(H2Õ + p1:3Õ ≠ p2):3 + H1 + p2:3 ≠ p1] .

Using the rules for the delay operators, Eqn. (3.20) and (3.21), and sorting the
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Figure 3.9: Photon paths of the synthesised Sagnac combinations –, — and “. They
form — as the symmetric Sagnac variable — a closed area and are thus sensitive to
constellation rotations.

Link Failure Surviving Combinations
An important issue for LISA-like missions is the breakdown of one laser link (e.g.,
due to laser source breakdown). In that case, one can use several TDI combinations
relying on one-link measurements to reconstruct the GW signal. These are called
Beacon, Monitor and Relay. The Relay combinations are given according to the
photon paths shown in Fig. 3.10 by

U(t) = (÷1Õ:3Õ1Õ1 +÷2Õ:1Õ1 +÷3Õ:1 +÷2) ≠ (÷2:1Õ2Õ3Õ +÷3Õ:2Õ3Õ +÷1Õ:3Õ +÷2Õ) , (3.30a)
V (t) = (÷2Õ:1Õ2Õ2 +÷3Õ:2Õ2 +÷1Õ:2 +÷3) ≠ (÷3:2Õ3Õ1Õ +÷1Õ:3Õ1Õ +÷2Õ:1Õ +÷3Õ) , (3.30b)
W (t) = (÷3Õ:2Õ3Õ3 +÷1Õ:3Õ3 +÷2Õ:3 +÷1) ≠ (÷1:3Õ1Õ2Õ +÷2Õ:1Õ2Õ +÷3Õ:2Õ +÷1Õ) . (3.30c)

However, Monitor (E, F, G) and Beacon (P, Q, R) do not form a reasonable photon
path to display (except for a simplified picture given in [Val05]), therefore we list
only the equations and refer to [TEA04]. Monitor is given by

E(t) = ÷2:12 + ÷3Õ:2 ≠ ÷3Õ:1Õ3Õ ≠ ÷2:3Õ ≠ ÷1Õ:11Õ + ÷1:1Õ1 + ÷1Õ ≠ ÷1 , (3.31a)
F (t) = ÷3:23 + ÷1Õ:3 ≠ ÷1Õ:2Õ1Õ ≠ ÷3:1Õ ≠ ÷2Õ:22Õ + ÷2:2Õ2 + ÷2Õ ≠ ÷2 , (3.31b)
G(t) = ÷1:31 + ÷2Õ:1 ≠ ÷2Õ:3Õ2Õ ≠ ÷1:2Õ ≠ ÷3Õ:33Õ + ÷3:3Õ3 + ÷3Õ ≠ ÷3 . (3.31c)

The Monitor variables include one S/C as listen-only. That is, one spacecraft only
contributes to the TDI combinations by ‘monitoring’ receiving signals, while its
signals being sent are not taken into account [ETA00]. For E(t), this is the case for
S/C 1, since measurements on OB 2Õ and 3 do not appear in the combinations.

The variables P , Q and R could be useful in case of link failure modes and are
called Beacon, because each data stream involves data received at only two of the
S/C, while the third spacecraft is only transmitting and provides an independent

image credit: Markus Otto, thesis

https://doi.org/10.15488/8545


More complete list of combinations:

https://doi.org/10.1088/1361-6382/ab9d5b 

Michelson combinations

Sagnac combinations

• combinations generate virtual equal 
arm length interferometers 

• TDI suppresses ~8 orders of 
magnitude of laser frequency noise 

• there are many different combinations 
(see Muratore et al 2020 Class. 
Quantum Grav. 37 185019) 

• TDI combinations are formed on 
ground

https://doi.org/10.15488/8545
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LISA’s changing arm lengths…
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that’s not how LISA works!  
slide content is drawn to  
stepwise derive concepts

you continue thinking… 
    

… The arm lengths change significantly!
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Figure 6.2: Overview of the orbital parameters for the baseline orbit.

The mean Earth distance is drifting over time. Since the spacecraft are bound to the dynamics of
the Earth-Sun system, choosing a certain MIDA results in different drifting scenarios. The most
interesting for LISA is a drift pattern that sees the constellation initially moving closer to the Earth
before moving away again, optimising the average distance to Earth, as shown in the bottom graph
in Figure 6.2.
Iterations between the capabilities of the instrument as described in Chapter 5 and the constraints on
orbital dynamics lead to derived key performance requirements on the orbital design summarised in
Table 6.1.

Table 6.1: Summary of the key performance requirements on the orbital design for LISA

Parameter Requirement

Arm-length rate of change <12m/s

Corner Angle Variation <1.5° with 95% confidence

Deterministic perturbing accelerations produced by
spacecraft along the measurement direction <2 nm/s2

Stochastic perturbing accelerations in any direction <1 nm/s2

Arm-length rate of change is a key parameter to ensure that the dynamic range of the beatnotes of
the interferometric signals is within the capabilities of the acquisition systems. A good compromise
was found in limiting the relative velocities to within 12m/s (and thus the Doppler frequencies to
within ⇡12MHz). The range is limited by the bandwidth of the photoreceivers and the processing
chain in the phasemeter.
Another key factor driven by obtainable technology is the variation of the inner angles of the
Page 97/154

… with arm length rates of m/s-level!

This generates a Doppler effect! 

• Doppler shift  


• with 

• a relative velocity of 10 m/s

• a waveleght of 1064 nm  1µm


→ The superimposing laser beams have different frequencies!!

Δf ≈ f ⋅ v
c

= c
λ

⋅ v
c

= v
λ

≈




     

     

Δf = v
λ

= 10 m/s
10−6 m

= 107 Hz
= 10 MHz
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Figure 6.2: Overview of the orbital parameters for the baseline orbit.

The mean Earth distance is drifting over time. Since the spacecraft are bound to the dynamics of
the Earth-Sun system, choosing a certain MIDA results in different drifting scenarios. The most
interesting for LISA is a drift pattern that sees the constellation initially moving closer to the Earth
before moving away again, optimising the average distance to Earth, as shown in the bottom graph
in Figure 6.2.
Iterations between the capabilities of the instrument as described in Chapter 5 and the constraints on
orbital dynamics lead to derived key performance requirements on the orbital design summarised in
Table 6.1.

Table 6.1: Summary of the key performance requirements on the orbital design for LISA

Parameter Requirement

Arm-length rate of change <12m/s

Corner Angle Variation <1.5° with 95% confidence

Deterministic perturbing accelerations produced by
spacecraft along the measurement direction <2 nm/s2

Stochastic perturbing accelerations in any direction <1 nm/s2

Arm-length rate of change is a key parameter to ensure that the dynamic range of the beatnotes of
the interferometric signals is within the capabilities of the acquisition systems. A good compromise
was found in limiting the relative velocities to within 12m/s (and thus the Doppler frequencies to
within ⇡12MHz). The range is limited by the bandwidth of the photoreceivers and the processing
chain in the phasemeter.
Another key factor driven by obtainable technology is the variation of the inner angles of the
Page 97/154

[1]: ESA-SCI-DIR-RP-002 (red book)
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Heterodyne Interferometry!

• How can one recover the phase in a heterodyne interferometer? 
• Quick computation with simplified plain wave assumption: 

• amplitudes  
• powers  per beam 
• the total detected power  is given by: 

 

                   

                    
→ Detected power varies harmonically with time!  

→ Observation of the phase shift   
 requires a reference oscillation! 

a1, a2 ∈ Reals
P1, P2

P
P = a1eiω1t + a2ei(ω2t+Δϕ) 2

= (a2
1 + a2

2 + 2ℜ (a1a2ei[(ω1−ω2)t−Δϕ]))
= P1 + P2 + 2 P1P2 cos[(ω2 − ω1)t − Δϕ]

Δϕ

35

t

Δϕ > 0P
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Principles of I/Q phase demodulation
• How can one recover the phase in a heterodyne interferometer? 

• Optical power on a photodiode oscillates with time: 



• How can we extract the phase ?


• If we know the heterodyne frequency :

• multiply  with either  or  


• and integrate over one (or several) full cycle


→  

               


→  

              


→ 


• In experiments: 

• numerical correspondent 

• instead of integral, a sum over a few points is sufficient


• If the heterodyne frequency is not constant and known (like in LISA):

→ find the heterodyne frequency first…  (a detail for another day…)

P = P̄ (1 + c cos(ωht − ϕ)
ϕ

ωh
P cos(ωht) sin(ωht)

I := ∫
φ=2π

φ=0
dφ cos(φ)(P̄(1 + c cos(φ − ϕ))

= cP̄π cos(ϕ)

Q := ∫
φ=2π

φ=0
dφ sin(φ)(P̄(1 + c cos(φ − ϕ))

= cP̄π sin(ϕ)

ϕ = arctan ( Q
I )

36

 t0

P

P̄

Using:    

 “in-phase”

: “quadrature” = 90° out of phase

φ = ωht
I :
Q
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• ok, so LISA is heterodyne with beat notes in the tens of MHz. 
→ we need photodiodes that can be read out that fast!  

→ 10 MHz = 1/(100 ns) 
→ We assume 1064 nm as wavelength (like current ground-based detectors have) 
→ You find InGaAs photodiodes - but no larger than 1mm diameter! 

• Your telescope diameter is 30 cm  
→ the telescope needs to compress the beam size by about a factor of 300!  
• In LISA, this is split into two parts: 

• telescope (compression factor 134 [1]) 
• an additional imaging system 

does the rest.

[1] and image: https://www.cosmos.esa.int/web/lisa/lisa-redbook

Photodiodes and Telescopes

37
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What you designed so far…

38

initial idea:  
• connect optical bench + telescope 

stiffly to the telescope 
→ telescopes pointing direction is fixed

60°

60° 60°
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LISA’s arm lengths vary → it’s not an equilateral triangle! 
    

LISA interferometry basics
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that’s not how LISA works!  
slide content is drawn to  
stepwise derive concepts
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Figure 6.2: Overview of the orbital parameters for the baseline orbit.

The mean Earth distance is drifting over time. Since the spacecraft are bound to the dynamics of
the Earth-Sun system, choosing a certain MIDA results in different drifting scenarios. The most
interesting for LISA is a drift pattern that sees the constellation initially moving closer to the Earth
before moving away again, optimising the average distance to Earth, as shown in the bottom graph
in Figure 6.2.
Iterations between the capabilities of the instrument as described in Chapter 5 and the constraints on
orbital dynamics lead to derived key performance requirements on the orbital design summarised in
Table 6.1.

Table 6.1: Summary of the key performance requirements on the orbital design for LISA

Parameter Requirement

Arm-length rate of change <12m/s

Corner Angle Variation <1.5° with 95% confidence

Deterministic perturbing accelerations produced by
spacecraft along the measurement direction <2 nm/s2

Stochastic perturbing accelerations in any direction <1 nm/s2

Arm-length rate of change is a key parameter to ensure that the dynamic range of the beatnotes of
the interferometric signals is within the capabilities of the acquisition systems. A good compromise
was found in limiting the relative velocities to within 12m/s (and thus the Doppler frequencies to
within ⇡12MHz). The range is limited by the bandwidth of the photoreceivers and the processing
chain in the phasemeter.
Another key factor driven by obtainable technology is the variation of the inner angles of the
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the Earth-Sun system, choosing a certain MIDA results in different drifting scenarios. The most
interesting for LISA is a drift pattern that sees the constellation initially moving closer to the Earth
before moving away again, optimising the average distance to Earth, as shown in the bottom graph
in Figure 6.2.
Iterations between the capabilities of the instrument as described in Chapter 5 and the constraints on
orbital dynamics lead to derived key performance requirements on the orbital design summarised in
Table 6.1.

Table 6.1: Summary of the key performance requirements on the orbital design for LISA

Parameter Requirement

Arm-length rate of change <12m/s

Corner Angle Variation <1.5° with 95% confidence

Deterministic perturbing accelerations produced by
spacecraft along the measurement direction <2 nm/s2

Stochastic perturbing accelerations in any direction <1 nm/s2

Arm-length rate of change is a key parameter to ensure that the dynamic range of the beatnotes of
the interferometric signals is within the capabilities of the acquisition systems. A good compromise
was found in limiting the relative velocities to within 12m/s (and thus the Doppler frequencies to
within ⇡12MHz). The range is limited by the bandwidth of the photoreceivers and the processing
chain in the phasemeter.
Another key factor driven by obtainable technology is the variation of the inner angles of the
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The angles vary… (!)

… but slowly…
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LISA interferometry basics

• The image is exaggerated!

• Does the beam indeed miss the remote 

spacecraft? 

• quick estimate of the lateral displacement :

 

   

• we roughly estimated the radius of the received beam 

to be 

→ beam completely misses the receiver!  

By about 9000 beam radii (for our assumptions) …

→ The transmitters need to point towards both remote 

spacecraft

→ the angle between the transmit-directions needs 

to adjust to the breathing angle

• Quick note: All telescopes transmit and receive 

simultaneously 

→ but it’s the transmit-direction that needs to point

→ the receiver cannot compensate for the beam 

missing it

Δ
Δ = 1∘π

180∘ ⋅ L ≈ 0.0174L

≈ 0.0174 ⋅ 2.5 ⋅ 109 m ≈ 44 000 km

5 km

40

transmitter

shifted receiver
Δ

breathing + assumption of stiff pointing directions

Δ
60°

60°

60°

satellite shifted against 
position in an equilateral 
triangle

it points towards the LHS 
satellite… 
… and thereby misses the 
lower satellite

this satellite points to the 
upper left satellite

… and thereby misses the 
upper right satellite

equilateral LISA 

nominal constellation: all angles are 60°
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The variation in the internal angles of the constellation triangle means that the line of sight pointing of 
the telescopes will vary and must be compensated. There are two proposed solutions: telescope 
articulation, and in-field pointing [3,4,5]. These two solutions require different telescope designs. The 
articulation solution is the baseline for the LISA reference mission. Figure 3 shows the two proposed 
solutions. Each solution is discussed in more detail below. 

 
Figure 3: Proposed telescope pointing compensation solutions. Left: telescope articulation. Each 
telescope is mounted together with an optical bench and a gravitational reference sensor in an 
assembly that can be rotated as a unit to track the angular variations. Right: The in-field pointing 
alternative design has a steering mirror embedded into the telescope design so that the telescopes are 
mounted rigidly to the spacecraft. Specific values shown in the figure are representative of a TNO 
mirror design and assumed for the purposes of this study. 
 
Both solutions perform the same function for the mission: they enable a continuous length 
measurement between widely separated proof masses and therefore operate with a transmitter and 
receiver simultaneously. An important requirement to accomplish this function is low coherent 
backscatter. This means that very little light from the transmitter must scatter back into the receiver. 
Since the transmitter is frequency stabilized and phase locked to the laser in the far spacecraft, any 
scattered light is coherent with the received light and with the local oscillator. Scattered light can 
therefore interfere with those beams and add noise to the main measurement. 
The purpose of this report is to present the results of a preliminary study of the coherent backscatter 
performance of several representative in-field pointing designs. The study was motivated by concern 
over the stray light performance of the fixed mirror telescope designs. As will be shown below, the 
mirrors closest to the detector that collect the light and direct it onto the detector dominate the 
scattered light budget. An in-field pointing design will require a different optical design due to the 
practical limitations of the moveable mirror, and will typically have more of these small mirrors. If the 
scattered light performance scales with the number of mirrors, it may be difficult to meet the scattered 
light performance. We note that there are a number of other considerations that go into the design of 
these in-field pointing telescope systems [3,4,5,11]. 

LISA’s arm lengths vary → it’s not an equilateral triangle!

LISA interferometry basics

41

that’s not how LISA works!  
slide content is drawn to  
stepwise derive concepts

• The triangle’s opening angles vary 
over time 

• The laser pointing needs to adapt 
to the current angle 

• How do you achieve that?

Image from Livas2017, DOI :10.1088/1742-6596/840/1/012015
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telescope is mounted together with an optical bench and a gravitational reference sensor in an 
assembly that can be rotated as a unit to track the angular variations. Right: The in-field pointing 
alternative design has a steering mirror embedded into the telescope design so that the telescopes are 
mounted rigidly to the spacecraft. Specific values shown in the figure are representative of a TNO 
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Both solutions perform the same function for the mission: they enable a continuous length 
measurement between widely separated proof masses and therefore operate with a transmitter and 
receiver simultaneously. An important requirement to accomplish this function is low coherent 
backscatter. This means that very little light from the transmitter must scatter back into the receiver. 
Since the transmitter is frequency stabilized and phase locked to the laser in the far spacecraft, any 
scattered light is coherent with the received light and with the local oscillator. Scattered light can 
therefore interfere with those beams and add noise to the main measurement. 
The purpose of this report is to present the results of a preliminary study of the coherent backscatter 
performance of several representative in-field pointing designs. The study was motivated by concern 
over the stray light performance of the fixed mirror telescope designs. As will be shown below, the 
mirrors closest to the detector that collect the light and direct it onto the detector dominate the 
scattered light budget. An in-field pointing design will require a different optical design due to the 
practical limitations of the moveable mirror, and will typically have more of these small mirrors. If the 
scattered light performance scales with the number of mirrors, it may be difficult to meet the scattered 
light performance. We note that there are a number of other considerations that go into the design of 
these in-field pointing telescope systems [3,4,5,11]. 

LISA’s arm lengths vary → it’s not an equilateral triangle!

Breathing → In-field pointing (?)

42

• “In-field pointing”:

• place a rotatable mirror (“steering mirror”) in the beam path

• consider angular magnification! 


• 1° in free space = 134° behind the telescope!  
                          = 300° on the PDs!


• mirror would need to be inside the telescope, before angles are 
that strongly magnified!


• Some disadvantages of in-field pointing 

• rotating component in the beam path 


→ its motion could cause optical pathlength changes

→ phase noise


→ tilting beam inside the telescope probes different mirror 
parts.

→ aberration / wavefront errors / …  → phase noise


Image from Livas2017, DOI :10.1088/1742-6596/840/1/012015
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measurement between widely separated proof masses and therefore operate with a transmitter and 
receiver simultaneously. An important requirement to accomplish this function is low coherent 
backscatter. This means that very little light from the transmitter must scatter back into the receiver. 
Since the transmitter is frequency stabilized and phase locked to the laser in the far spacecraft, any 
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therefore interfere with those beams and add noise to the main measurement. 
The purpose of this report is to present the results of a preliminary study of the coherent backscatter 
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over the stray light performance of the fixed mirror telescope designs. As will be shown below, the 
mirrors closest to the detector that collect the light and direct it onto the detector dominate the 
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these in-field pointing telescope systems [3,4,5,11]. 

LISA’s arm lengths vary → it’s not an equilateral triangle!

Breathing → In-field pointing or MOSAs?
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Image from Livas2017, DOI :10.1088/1742-6596/840/1/012015

MOSA

→ in this trade-off (in-field pointing vs MOSAs),  
     you decide for telescope pointing (MOSAs)

• Alternatively: rotate all optically relevant components together!

• 1 test mass (+surrounding structure), 

• 1 optical bench (mirrors, beamsplitters,  

photodiodes, to perform the interferometry)

• 1 telescope


• MOSA = Moving Optical SubAssembly 

• 2 MOSAs per spacecraft

• rotate relative to one-another


• Advantage

• no moving component in the beam path 

• rotation is common-mode for all optics 


→ no beam walk over mirror surfaces 
• Disadvantage


• rotation of a large, heavy, inert structure
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even if the arm lengths were constant…  

… the constellation moves!

time :

SC  transmits light towards remote SC-position in 8.3 s!

t = 0
1

time :

The remote spacecraft receive the light 
… and need to transmit in the direction  
     of the other remote spacecraft at 

t = 8.3 s

t = 16.7 s

→ receiving direction and 
transmission direction do not match!!

→ You decide: 

• LISA needs a mechanism that offsets the transmit axis 

from the received axis.

• You name it: “Point Ahead Angle Mechanism” (PAAM)

https://doi.org/10.1117/12.2309235

TNO PAAM 2017
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… Drag-free control…

Wir nehmen das Gas - leider - mit unseren Satelliten mit!
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Drag-free control and the TMI
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• Drag-free control = commanding the spacecraft to follow the test mass along the “sensitive axis”

• sensitive axis: line connecting a local with a remote test mass

• Requires a control loop


• what’s the input signal?

→ electrostatic readout?


→ too noisy

→ optical readout! 


→ we need an interferometer to read out the test mass   
displacement relative to the electrode housing


→ “Test mass interferometer (TMI)”

→ optical bench and electrode housing: stiffly connected


→ displacement TM vs electrode housing 
= displacement TM vs optical bench


→ Reflect the received beam, the transmit beam  
and the TMI-beam from the test mass?

→ sounds complicated…


→ instead:  
split each single link into three measurements!

→ TMI measures local TM relative to 

local optical bench

→ Inter-Satallite Interferometer (ISI) 

measures local opical bench relative  
to a remote optical bench


→ remote TMI measures remote TM  
relative to the remote optical bench

TMI TMIISI
Those are not interferometers yet!

Each shown beam needs to  
interfere with a reference beam.

→ What light should we use?

ISI: received beam  
       + small part of the transmit beam

TMI: small part of transmit beam + ???  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Test mass interferometer (TMI)
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• Test mass interferometer

TMI TMIISI

→ What light interferes where?

ISI: received beam  
       + small part of the transmit beam

TMI: small part of transmit beam 
       + ??? 

TMI:   
• interfere beam with itself? 

→ Would make the TMI homodyne!

→ not ideal: 


→ ISI heterodyne, but TMI homodyne?

→ would require completely different phase readout


→ NO!

→ Better use a frequency-shifted reference beam!

Mirrors are suppressed in this 
reduced sketch. 
This sketch is for principal ideas, 
not for realistic beam paths.
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Test mass interferometer (TMI)
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• Test mass interferometer

TMI TMIISI

Due to MOSA’s  
(rotating optical benches): 

• use optical fibers for beam delivery


• “Fiber Backlink”


Mirrors are suppressed in this 
reduced sketch. 
This sketch is for principal ideas, 
not for realistic beam paths.

fib
er 

ba
ck

lin
k →

 

← fiber backlink

→ What light interferes where?

ISI: received beam  
       + small part of the transmit beam

TMI: small part of transmit beam  
       + beam from adjacent bench!

→ Interference between different lasers?


→ Apples & Pairs?
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• How can one recover the phase in a heterodyne interferometer? 
• Optical power on a photodiode oscillates with time: 



• How can we extract the phase ?


• If we know the heterodyne frequency :


• define  

               


• define  

              


→ 


• In experiments: 

• numerical correspondent 

• instead of integral, a sum over a few points is sufficient


• If the heterodyne frequency is not constant and known (like in LISA):

→ find the heterodyne frequency first…  (a detail for another day…)

P = P̄ (1 + c cos(ωht − ϕ)
ϕ

ωh

I := ∫
φ=2π

φ=0
dφ cos(φ)(P̄(1 + c cos(φ − ϕ))

= cP̄π cos(ϕ)

Q := ∫
φ=2π

φ=0
dφ sin(φ)(P̄(1 + c cos(φ − ϕ))

= cP̄π sin(ϕ)

ϕ = arctan ( Q
I )

Test mass interferometer (TMI)

49

beat note 
(exaggerated!)

reference in demodulation
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• Test mass interferometer

→ What light interferes where?

ISI: received beam  
       + small part of the transmit beam

TMI: small part of transmit beam  
       + beam from adjacent bench!

→ Interference between different lasers?


→ Apples & Pairs?

→ Have adjacent lasers run at controlled, 

different frequencies! 

→ Offset-lock the lasers! 


→ How?

TMI TMIISI

Due to MOSA’s  
(rotating optical benches): 

• use optical fibers for beam delivery


• “Fiber Backlink”


Mirrors are suppressed in this 
reduced sketch. 
This sketch is for principal ideas, 
not for realistic beam paths.

fib
er 

ba
ck

lin
k →

 

← fiber backlink
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Reference Interferometer
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We need another interferometer - a reference interferometer which

• uses the same laser beams as the test mass interferometer


• but without reflection from the test mass

• Signals of the reference interferometers are used to 


• offset-lock the lasers

• subtract from the corresponding test mass interferometer signal

TMI TMIISI

Mirrors are suppressed in this 
reduced sketch. 
This sketch is for principal ideas, 
not for realistic beam paths.
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Bill Weber’s slide from yesterday…

see slide “Selected <<little enginering details>> en 
route to LISA science” by Bill Weber
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A comparison with the official planning (2023)
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ESA UNCLASSIFIED - Releasable to the Public LISA Definition Study Report - ESA-SCI-DIR-RP-002

To
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t 

M
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s

To Side ATo Side B

Constellation 
Acquisition
Censor (CAS)

Inter-spacecraft
Interferometer (ISI)

Reference
Interferometer (RI)

Test-mass
Interferometer (TMI)

Power
Monitors

Fibre Switching Unit (FSU)

Side A Side B

Local
Laser (LO)

Beam Alignment
Mechanism (BAM)

Transmitting
Laser (TX)

Point-ahead Angle
Mechanism (PAAM)

To 
Telescope

Beam Matching
Optics

Figure 5.12: Schematics of the optical bench A and B-Sides. Shown are all light paths with the interferometric
readout (quadrant photo receiver and Beam Matching Optics) of the inter-satellite interferometer (ISI), reference
interferometer (RFI), and test mass interferometer (TMI) as well as the point-ahead angle mechanism (PAAM), fibre
switching units (FSUs), beam alignment mechanism (BAM), Local (LO) and transmitting (TX) laser, power monitors
(PMONs) and various interfaces between the two sides, the telescope and the Constellation Acquisition Sensor (CAS).

angular jitter at the telescope/optical bench interface into a pathlength signal. The focal planes of
the two mirror-pairs are overlapped to provide a low wavefront error image of the aperture stop of
the right size and location, and the position of the telescope with respect to the aperture stop on the
optical bench is used to align the measurement axes.
The telescope will be thermally isolated from in-band spacecraft temperature fluctuations by a series
of passive radiative shields. A quiet thermal environment in combination with a structure composed
of an ultra-low coefficient of thermal expansion material, such as Zerodur or ULE, provides a means
to reach the target displacement sensitivity. A heating system of modest power consumption, to
replace the heat which the telescope radiates to cold space, allows room temperature operation in
orbit. This simplifies ground testing, and allows ultra-low thermal expansion coefficient (CTE) glasses
to be used near their typical designed operating temperatures.

5.3.2 Optical Bench
The optical bench provides three interferometers that are needed in each MOSA to support the
overall mission level measurement concept. One interferometer, the inter-satellite interferometer (ISI),
measures the relative motion of the optical bench (and by implication, the MOSA) along its x -axis
with respect to the incoming wavefront received from the far spacecraft; a second interferometer,
the test mass interferometer (TMI), measures the relative longitudinal motion of the optical bench
(and by implication, the MOSA) with respect to the free-falling test mass of that MOSA; and a
third interferometer, the reference interferometer (RFI), that measures the relative phase fluctuations
between the local laser used on one MOSA and the laser used on the adjacent MOSA within the
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[1]: ESA-SCI-DIR-RP-002 (red book)
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Beam alignment mechanism??

• aim of the interferometer: 
• observe distance variation


• animation: SC-tilts  
→ beam propagates longer distance

→ interferometer would read phase change 

→ misinterpreted as distance variation


• assume this dynamically:  
→ angular spacecraft jitter → displacement readout noise


→  that’s “Tilt-to-length” (TTL) coupling noise 

• let’s look again: 


• Would this indeed cause displacement readout phase noise?

• very large propagation distance


→ wavefront rotates roughly around its curvature centre 

→ perfect wavefront? → small effect (no!)

→ realistic wavefront with wavefront errors? → significant 

effect! (YES! - but not what you expect from geometry…) 

→ Lesson learned:


→ TTL has two different types of contributions: 

→ “geometric TTL” = changes in the optical pathlength

→ “non-geometric TTL” = phase changes in the absence of 

geometric TTL
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These cancel when the individual interferometer signals are
added to form the TDI single-link signals. Therefore, we
discuss in detail the difference between TTL in individual
interferometers vs in a single link or in TDI observables.
Additionally, we use the reduced linear model to

estimate the expected noise levels per single link (i.e.,
interferometric connection between two test masses). For
this, we need both estimates for the jitters, as well as for the
coupling factors. Yet, deriving these factors is a substantial
task in itself (see, e.g., [25,30,32,39]) and is, therefore,
beyond the scope of this paper. For this reason, we only
very shortly argue the expected magnitude of the total
coupling factors per degree of freedom, without going
much into detail.
Depending on whether the noise is previously sup-

pressed by realignment or not, we find median noise levels
in a single link on the order of 13 or 58 pm=

ffiffiffiffiffiffi
Hz

p
prior

to fit and subtraction. We confirmed these findings with
two nonstatistical simulation results in previous publica-
tions [26,38]. The worst case estimates for our two cases
are approximately 40 or 172 pm=

ffiffiffiffiffiffi
Hz

p
per single link prior

to fit and subtraction. The noise levels we find would
mostly exceed the entire mission noise budget and are the
reason why the third mitigation step of fitting and sub-
tracting the TTL noise from the data is indispensable and
planned for.
Finally, we analyze the derived TTL coupling models

and show that noise contributions from the LAIs and TMIs
become indistinguishable when studied in data analysis or
fitted to a model. Likewise, we highlight a correlation
between the TTL coupling from transmitter and receiver
jitters in the individual TDI-X, -Y, and -Z observables, but
this correlation can be broken if all three observables are
used for fitting the noise contributions.
The outline of this paper is as follows: We describe TTL

coupling as a generic interferometric noise source in Sec. II.
We then describe in Sec. III which of the LISA inter-
ferometers are subject to TTL coupling. We add generic
noise terms into the interferometric phase signals and
derive the resulting contributions to the TDI Michelson
observables. In Sec. IV, we then derive an explicit first-
order TTL model applicable for noise estimates in single
links or TDI. This substitutes the generic form used until
this point.
In Sec. V, we reduce the explicit model to its most

significant contributions, specify current assumptions for
jitters and coupling factors, and compute the resulting noise
in the second-generation TDI Michelson observables. In
order to validate the analytic model, we additionally tested
one set of data numerically with the simulation software
tools LISA INSTRUMENT [40] and PYTDI [41] and show a
perfect agreement between the resulting analytic and
numeric noise estimate. After this, we show the TTL
noise estimates for the second-generation TDI-X variable,
derived from two Monte Carlo simulations.

In Sec. VI, we show why the assumptions made in the
previous section do not hold for the individual interfer-
ometers and define another linear TTL model that should
be used instead when describing the noise in individual
interferometers. In Sec. VII, we discuss a delineation of the
shown model for noise estimation from the models used for
data analysis and show the mixing of different signals in
TDI, which causes correlations. Finally, we conclude in
Sec. VIII with the key findings.

II. BASIC PRINCIPLES OF TTL COUPLING

For any type of interferometer, we can define the axis
along which the interferometer measures distance varia-
tions as its “longitudinal” or x direction. The interfero-
metric longitudinal readout signal can then be written as

S ¼ cxxþ N; ð1Þ

which means the interferometer has a readout signal S
which is proportional to displacement x along its longi-
tudinal direction, and cx is the factor of proportionality,
while N denotes noise disturbing the measurement. In the
context of this paper,N denotes TTL noise originating from
any type of component jitter within the system along any
orthogonal degree of freedom.
There are numerous mechanisms for how angular jitter

can cause TTL coupling noise, one of which is depicted in
Fig. 1(a). Here, an angular jitter ϕðtÞ causes distance
variations between the indicated components, particularly

(a) (b)

(c)

FIG. 1. Examples for the different types of TTL coupling.
(a) Angular jitter ϕðtÞ affects the interferometric phase because
the jitter alters the distances between the components. (b) Space-
craft jitter along y affects the phase in the four indicated
interferometers because the x axes (red double arrows) of all
interferometers are not orthogonal to the jitter direction.
(c) Angular transmitter jitter coupling due to wave front errors
(left-hand side) and absence of this coupling (right-hand side
image) if the beam is rotating around the center of curvature of a
perfectly spherical wave front.
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These cancel when the individual interferometer signals are
added to form the TDI single-link signals. Therefore, we
discuss in detail the difference between TTL in individual
interferometers vs in a single link or in TDI observables.
Additionally, we use the reduced linear model to

estimate the expected noise levels per single link (i.e.,
interferometric connection between two test masses). For
this, we need both estimates for the jitters, as well as for the
coupling factors. Yet, deriving these factors is a substantial
task in itself (see, e.g., [25,30,32,39]) and is, therefore,
beyond the scope of this paper. For this reason, we only
very shortly argue the expected magnitude of the total
coupling factors per degree of freedom, without going
much into detail.
Depending on whether the noise is previously sup-

pressed by realignment or not, we find median noise levels
in a single link on the order of 13 or 58 pm=

ffiffiffiffiffiffi
Hz

p
prior

to fit and subtraction. We confirmed these findings with
two nonstatistical simulation results in previous publica-
tions [26,38]. The worst case estimates for our two cases
are approximately 40 or 172 pm=

ffiffiffiffiffiffi
Hz

p
per single link prior

to fit and subtraction. The noise levels we find would
mostly exceed the entire mission noise budget and are the
reason why the third mitigation step of fitting and sub-
tracting the TTL noise from the data is indispensable and
planned for.
Finally, we analyze the derived TTL coupling models

and show that noise contributions from the LAIs and TMIs
become indistinguishable when studied in data analysis or
fitted to a model. Likewise, we highlight a correlation
between the TTL coupling from transmitter and receiver
jitters in the individual TDI-X, -Y, and -Z observables, but
this correlation can be broken if all three observables are
used for fitting the noise contributions.
The outline of this paper is as follows: We describe TTL

coupling as a generic interferometric noise source in Sec. II.
We then describe in Sec. III which of the LISA inter-
ferometers are subject to TTL coupling. We add generic
noise terms into the interferometric phase signals and
derive the resulting contributions to the TDI Michelson
observables. In Sec. IV, we then derive an explicit first-
order TTL model applicable for noise estimates in single
links or TDI. This substitutes the generic form used until
this point.
In Sec. V, we reduce the explicit model to its most

significant contributions, specify current assumptions for
jitters and coupling factors, and compute the resulting noise
in the second-generation TDI Michelson observables. In
order to validate the analytic model, we additionally tested
one set of data numerically with the simulation software
tools LISA INSTRUMENT [40] and PYTDI [41] and show a
perfect agreement between the resulting analytic and
numeric noise estimate. After this, we show the TTL
noise estimates for the second-generation TDI-X variable,
derived from two Monte Carlo simulations.

In Sec. VI, we show why the assumptions made in the
previous section do not hold for the individual interfer-
ometers and define another linear TTL model that should
be used instead when describing the noise in individual
interferometers. In Sec. VII, we discuss a delineation of the
shown model for noise estimation from the models used for
data analysis and show the mixing of different signals in
TDI, which causes correlations. Finally, we conclude in
Sec. VIII with the key findings.

II. BASIC PRINCIPLES OF TTL COUPLING

For any type of interferometer, we can define the axis
along which the interferometer measures distance varia-
tions as its “longitudinal” or x direction. The interfero-
metric longitudinal readout signal can then be written as

S ¼ cxxþ N; ð1Þ

which means the interferometer has a readout signal S
which is proportional to displacement x along its longi-
tudinal direction, and cx is the factor of proportionality,
while N denotes noise disturbing the measurement. In the
context of this paper,N denotes TTL noise originating from
any type of component jitter within the system along any
orthogonal degree of freedom.
There are numerous mechanisms for how angular jitter

can cause TTL coupling noise, one of which is depicted in
Fig. 1(a). Here, an angular jitter ϕðtÞ causes distance
variations between the indicated components, particularly

(a) (b)

(c)

FIG. 1. Examples for the different types of TTL coupling.
(a) Angular jitter ϕðtÞ affects the interferometric phase because
the jitter alters the distances between the components. (b) Space-
craft jitter along y affects the phase in the four indicated
interferometers because the x axes (red double arrows) of all
interferometers are not orthogonal to the jitter direction.
(c) Angular transmitter jitter coupling due to wave front errors
(left-hand side) and absence of this coupling (right-hand side
image) if the beam is rotating around the center of curvature of a
perfectly spherical wave front.
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geometric and non-geometric  
TTL cancel

partial cancellation  
between geometric and  
non-geometric TTL
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Zerodur optical bench

((image of an older prototype…))
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Image credit: NASA → https://science.nasa.gov/wp-content/uploads/2024/10/gsfc-20240520-lisa-000535.jpg
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Beam alignment mechanism??

• It’s not only the spacecraft that will jitter in angles 
• the MOSA’s can jitter 
→ optical bench + telescope relative to the free-floating 
test mass 

• the telescope can jitter relative to the optical bench 
• Magnitude of the coupling noise? 

• depends on many, many things! 
• e.g. alignment of mirrors, beamsplitters, 

photodiodes! (and there are many) 
• wavefront properties, clipping effects 
• centres of rotations relative to the beam axes
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These cancel when the individual interferometer signals are
added to form the TDI single-link signals. Therefore, we
discuss in detail the difference between TTL in individual
interferometers vs in a single link or in TDI observables.
Additionally, we use the reduced linear model to

estimate the expected noise levels per single link (i.e.,
interferometric connection between two test masses). For
this, we need both estimates for the jitters, as well as for the
coupling factors. Yet, deriving these factors is a substantial
task in itself (see, e.g., [25,30,32,39]) and is, therefore,
beyond the scope of this paper. For this reason, we only
very shortly argue the expected magnitude of the total
coupling factors per degree of freedom, without going
much into detail.
Depending on whether the noise is previously sup-

pressed by realignment or not, we find median noise levels
in a single link on the order of 13 or 58 pm=

ffiffiffiffiffiffi
Hz

p
prior

to fit and subtraction. We confirmed these findings with
two nonstatistical simulation results in previous publica-
tions [26,38]. The worst case estimates for our two cases
are approximately 40 or 172 pm=

ffiffiffiffiffiffi
Hz

p
per single link prior

to fit and subtraction. The noise levels we find would
mostly exceed the entire mission noise budget and are the
reason why the third mitigation step of fitting and sub-
tracting the TTL noise from the data is indispensable and
planned for.
Finally, we analyze the derived TTL coupling models

and show that noise contributions from the LAIs and TMIs
become indistinguishable when studied in data analysis or
fitted to a model. Likewise, we highlight a correlation
between the TTL coupling from transmitter and receiver
jitters in the individual TDI-X, -Y, and -Z observables, but
this correlation can be broken if all three observables are
used for fitting the noise contributions.
The outline of this paper is as follows: We describe TTL

coupling as a generic interferometric noise source in Sec. II.
We then describe in Sec. III which of the LISA inter-
ferometers are subject to TTL coupling. We add generic
noise terms into the interferometric phase signals and
derive the resulting contributions to the TDI Michelson
observables. In Sec. IV, we then derive an explicit first-
order TTL model applicable for noise estimates in single
links or TDI. This substitutes the generic form used until
this point.
In Sec. V, we reduce the explicit model to its most

significant contributions, specify current assumptions for
jitters and coupling factors, and compute the resulting noise
in the second-generation TDI Michelson observables. In
order to validate the analytic model, we additionally tested
one set of data numerically with the simulation software
tools LISA INSTRUMENT [40] and PYTDI [41] and show a
perfect agreement between the resulting analytic and
numeric noise estimate. After this, we show the TTL
noise estimates for the second-generation TDI-X variable,
derived from two Monte Carlo simulations.

In Sec. VI, we show why the assumptions made in the
previous section do not hold for the individual interfer-
ometers and define another linear TTL model that should
be used instead when describing the noise in individual
interferometers. In Sec. VII, we discuss a delineation of the
shown model for noise estimation from the models used for
data analysis and show the mixing of different signals in
TDI, which causes correlations. Finally, we conclude in
Sec. VIII with the key findings.

II. BASIC PRINCIPLES OF TTL COUPLING

For any type of interferometer, we can define the axis
along which the interferometer measures distance varia-
tions as its “longitudinal” or x direction. The interfero-
metric longitudinal readout signal can then be written as

S ¼ cxxþ N; ð1Þ

which means the interferometer has a readout signal S
which is proportional to displacement x along its longi-
tudinal direction, and cx is the factor of proportionality,
while N denotes noise disturbing the measurement. In the
context of this paper,N denotes TTL noise originating from
any type of component jitter within the system along any
orthogonal degree of freedom.
There are numerous mechanisms for how angular jitter

can cause TTL coupling noise, one of which is depicted in
Fig. 1(a). Here, an angular jitter ϕðtÞ causes distance
variations between the indicated components, particularly

(a) (b)

(c)

FIG. 1. Examples for the different types of TTL coupling.
(a) Angular jitter ϕðtÞ affects the interferometric phase because
the jitter alters the distances between the components. (b) Space-
craft jitter along y affects the phase in the four indicated
interferometers because the x axes (red double arrows) of all
interferometers are not orthogonal to the jitter direction.
(c) Angular transmitter jitter coupling due to wave front errors
(left-hand side) and absence of this coupling (right-hand side
image) if the beam is rotating around the center of curvature of a
perfectly spherical wave front.
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These cancel when the individual interferometer signals are
added to form the TDI single-link signals. Therefore, we
discuss in detail the difference between TTL in individual
interferometers vs in a single link or in TDI observables.
Additionally, we use the reduced linear model to

estimate the expected noise levels per single link (i.e.,
interferometric connection between two test masses). For
this, we need both estimates for the jitters, as well as for the
coupling factors. Yet, deriving these factors is a substantial
task in itself (see, e.g., [25,30,32,39]) and is, therefore,
beyond the scope of this paper. For this reason, we only
very shortly argue the expected magnitude of the total
coupling factors per degree of freedom, without going
much into detail.
Depending on whether the noise is previously sup-

pressed by realignment or not, we find median noise levels
in a single link on the order of 13 or 58 pm=

ffiffiffiffiffiffi
Hz

p
prior

to fit and subtraction. We confirmed these findings with
two nonstatistical simulation results in previous publica-
tions [26,38]. The worst case estimates for our two cases
are approximately 40 or 172 pm=

ffiffiffiffiffiffi
Hz

p
per single link prior

to fit and subtraction. The noise levels we find would
mostly exceed the entire mission noise budget and are the
reason why the third mitigation step of fitting and sub-
tracting the TTL noise from the data is indispensable and
planned for.
Finally, we analyze the derived TTL coupling models

and show that noise contributions from the LAIs and TMIs
become indistinguishable when studied in data analysis or
fitted to a model. Likewise, we highlight a correlation
between the TTL coupling from transmitter and receiver
jitters in the individual TDI-X, -Y, and -Z observables, but
this correlation can be broken if all three observables are
used for fitting the noise contributions.
The outline of this paper is as follows: We describe TTL

coupling as a generic interferometric noise source in Sec. II.
We then describe in Sec. III which of the LISA inter-
ferometers are subject to TTL coupling. We add generic
noise terms into the interferometric phase signals and
derive the resulting contributions to the TDI Michelson
observables. In Sec. IV, we then derive an explicit first-
order TTL model applicable for noise estimates in single
links or TDI. This substitutes the generic form used until
this point.
In Sec. V, we reduce the explicit model to its most

significant contributions, specify current assumptions for
jitters and coupling factors, and compute the resulting noise
in the second-generation TDI Michelson observables. In
order to validate the analytic model, we additionally tested
one set of data numerically with the simulation software
tools LISA INSTRUMENT [40] and PYTDI [41] and show a
perfect agreement between the resulting analytic and
numeric noise estimate. After this, we show the TTL
noise estimates for the second-generation TDI-X variable,
derived from two Monte Carlo simulations.

In Sec. VI, we show why the assumptions made in the
previous section do not hold for the individual interfer-
ometers and define another linear TTL model that should
be used instead when describing the noise in individual
interferometers. In Sec. VII, we discuss a delineation of the
shown model for noise estimation from the models used for
data analysis and show the mixing of different signals in
TDI, which causes correlations. Finally, we conclude in
Sec. VIII with the key findings.

II. BASIC PRINCIPLES OF TTL COUPLING

For any type of interferometer, we can define the axis
along which the interferometer measures distance varia-
tions as its “longitudinal” or x direction. The interfero-
metric longitudinal readout signal can then be written as

S ¼ cxxþ N; ð1Þ

which means the interferometer has a readout signal S
which is proportional to displacement x along its longi-
tudinal direction, and cx is the factor of proportionality,
while N denotes noise disturbing the measurement. In the
context of this paper,N denotes TTL noise originating from
any type of component jitter within the system along any
orthogonal degree of freedom.
There are numerous mechanisms for how angular jitter

can cause TTL coupling noise, one of which is depicted in
Fig. 1(a). Here, an angular jitter ϕðtÞ causes distance
variations between the indicated components, particularly

(a) (b)

(c)

FIG. 1. Examples for the different types of TTL coupling.
(a) Angular jitter ϕðtÞ affects the interferometric phase because
the jitter alters the distances between the components. (b) Space-
craft jitter along y affects the phase in the four indicated
interferometers because the x axes (red double arrows) of all
interferometers are not orthogonal to the jitter direction.
(c) Angular transmitter jitter coupling due to wave front errors
(left-hand side) and absence of this coupling (right-hand side
image) if the beam is rotating around the center of curvature of a
perfectly spherical wave front.
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Beam alignment mechanism??

• It’s not only the spacecraft that will jitter in angles 
• the MOSA’s can jitter 
→ optical bench + telescope relative to the free-floating 
test mass 

• the telescope can jitter relative to the optical bench 
• Magnitude of the coupling noise? 

• depends on many, many things! 
• e.g. alignment of mirrors, beamsplitters, 

photodiodes! (and there are many) 
• wavefront properties, clipping effects 
• centres of rotations relative to the beam axes
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d

Δ

LISI = − d tan(α) ≈ − dα

LTMI ≈ 2(d + Δ)α

LISI + 1
2 LTMI = Δα

One example, where a lateral shift of 
the beam axis generates a linear TTL 
effect.

We speak of a first-order TTL effect
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A comparison with the official planning (2023)
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Figure 5.12: Schematics of the optical bench A and B-Sides. Shown are all light paths with the interferometric
readout (quadrant photo receiver and Beam Matching Optics) of the inter-satellite interferometer (ISI), reference
interferometer (RFI), and test mass interferometer (TMI) as well as the point-ahead angle mechanism (PAAM), fibre
switching units (FSUs), beam alignment mechanism (BAM), Local (LO) and transmitting (TX) laser, power monitors
(PMONs) and various interfaces between the two sides, the telescope and the Constellation Acquisition Sensor (CAS).

angular jitter at the telescope/optical bench interface into a pathlength signal. The focal planes of
the two mirror-pairs are overlapped to provide a low wavefront error image of the aperture stop of
the right size and location, and the position of the telescope with respect to the aperture stop on the
optical bench is used to align the measurement axes.
The telescope will be thermally isolated from in-band spacecraft temperature fluctuations by a series
of passive radiative shields. A quiet thermal environment in combination with a structure composed
of an ultra-low coefficient of thermal expansion material, such as Zerodur or ULE, provides a means
to reach the target displacement sensitivity. A heating system of modest power consumption, to
replace the heat which the telescope radiates to cold space, allows room temperature operation in
orbit. This simplifies ground testing, and allows ultra-low thermal expansion coefficient (CTE) glasses
to be used near their typical designed operating temperatures.

5.3.2 Optical Bench
The optical bench provides three interferometers that are needed in each MOSA to support the
overall mission level measurement concept. One interferometer, the inter-satellite interferometer (ISI),
measures the relative motion of the optical bench (and by implication, the MOSA) along its x -axis
with respect to the incoming wavefront received from the far spacecraft; a second interferometer,
the test mass interferometer (TMI), measures the relative longitudinal motion of the optical bench
(and by implication, the MOSA) with respect to the free-falling test mass of that MOSA; and a
third interferometer, the reference interferometer (RFI), that measures the relative phase fluctuations
between the local laser used on one MOSA and the laser used on the adjacent MOSA within the
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[1]: ESA-SCI-DIR-RP-002 (red book) BAM working principle: see Ada Uminska’s slide 13 from

https://www.youtube.com/watch?v=IDV99gOAjLM

Beam Alignment Mechanism (BAM): a device that parallel shifts a beam  
to generate a first-order TTL effect  c*angular viration
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LISA science
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Image: https://www.cosmos.esa.int/web/lisa/lisa-redbook
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Disclaimer

• This story is incomplete (!) 
• There are other important aspects to the LISA story, not mentioned here  

(e.g., ranging, clock noise, locking in the ISI, …) 
• In this story, we found reasons for some design choices and needed mechanisms 

• These reasons are not necessarily complete; other arguments could be made 
• So, this story can serve as a starting point for asking more fun questions and for 

hunting for their answers…
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