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I. INTRODUCTION

The Simulated LISA Data Product (SLDP) is a file for-
mat and content specification designed to give the illusion
of working with real LISA data for those who are inter-
ested in pursuing explorations in LISA science analysis.
The SLDP is a simulacrum of the LISA data product,
and so only provides that data which it is reasonable
to expect will be available to someone engaged in LISA
science analysis. The philosophy of the SLDP and the as-
sociated website, the Testbed for LISA Analysis has been
codified in a white paper(1).

The format and content of the SLDP is chosen to be, as
much as possible, independent of the simulation software
used to create the simulated data streams. As a gen-
eral rule, specific information about how a data stream
is simulated is not necessary to the analysis because the
essential information can be generically encoded in func-
tions which the analyst uses to disentangle how the sim-
ulation software encodes input signals into the output
data streams. In a very real sense, this mimics the case
of real data from an operational LISA: no a priori knowl-
edge of the source content of the data streams will ex-
ist, but knowledge of the detectors motion, location and
behaviour will be used by analysts to search the data
streams for any putative signals contained therein.

A. SLDP Version

This Representation Specification is for SLDP version
v1.0, and outlines the assumptions and restrictions used
to represent the LISA detector in the current specifica-
tions and support software associated with this release
of the SLDP. For this build of the SLDP it is assumed
that the LISA representation is valid in the low-frequency
limit1 only: f ∼< 10−2 Hz. As part of the initial develop-
ment of a simulated data format, this condition should
not be excessively restrictive, as most LISA sources have
strong signal content in this part of the low-frequency
gravitational wave band.

The SLDP is a first step toward providing a common
format which can be used by researchers to share sim-
ulated data and test science analysis techniques. As
such, it will evolve to reflect the needs of the com-
munities which use the format. Many areas for im-
provements in future builds have already been identi-

1 Also referred to as the short-antenna limit or the long-wavelength

limit.

fied, and are discussed in the SLDP Evolution docu-
ment. A copy of this document, as well as contact in-
formation for communicating comments about the per-
formance and use of SLDPs are available via the web at
http://tla.gravity.psu.edu/.

II. WHO THIS SPECIFICATION IS FOR

This Specificaiton is intended for two audiences. Data
simulators are persons engaged in producing simulated
LISA data which can be used for conducting research
into techniques and algorithms for science analysis2. This
document provides the necessary information and proce-
dures for using any LISA data simulator to produce a
valid SLDP file. Science analysts are persons engaged in
applying search techniques and algorithms to the LISA
data, looking for astrophysical sources. This document
provides the necessary information to understand how
the SLDP encodes the response, behaviour and charac-
ter of the detector as a function of time, which are critical
pieces of information for developing techniques to extract
astrophysical data from the LISA signals.

A. Data simulators

The SLDP definition is not tied to a particular simu-
lation tool, as many currently exist, including (but not
limited to) The LISA Simulator(2), Synthetic LISA(3),
and many home grown simulators based on treatments
in the literature (in particular (4)).

Because science analysis should not depend on which
data simulator is used to create a simulated data product,
the SLDP is designed to provide a common data format
that can be provided by any LISA simulation tool. The
purpose of this document is to illustrate the elements of
the SLDP, and how to create them. In Section VII, a
proceduralized description of how to use any simulation
software to produce SLDP compliant data is outlined.

B. Science analysts

Science analysts develop search algorithms and use
them on data products (or in this case, on simulated

2 Here we adopt the nomenclature of science analysis rather than
the more common data analysis.
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FIG. 1 The orientation of the LISA Detector Frame (LDF)
coordinate axes with respect to the detector. The constel-
lation is confined to lie in the xy plane, and the entire LDF
frame is pinned to the guiding center, with sciencecraft 1 con-
fined to lie on the −y axis in this frame, a distance ℓ from the
origin. In this figure, the constellation is shown in a highly
distorted state for clarity.

data products) in the search for astrophysical gravita-
tional wave signals. The inputs to the analysis proce-
dure are simply the interferometric observables from the
observatory, knowledge of the observatory’s position and
orientation as a function of time, the response of the ob-
servatory as a function of time, and whatever is known
about the instrumental noise. These items are precisely
the content of an SLDP file; any information beyond this,
such as the amplitude of a gravitational wave source, or
the orientation of a binary source on the sky, or the num-
ber of binaries contributing to a data stream is astrophys-
ical information which must be extracted from the data
streams.

III. COORDINATE SYSTEMS

There are two coordinate systems which are needed to
describe an SLDP. The first is the LISA Detector Frame
(LDF) which is the rest frame of the detector, and the
second is the barycentric ecliptic frame (BEF) which is
the rest frame of the solar system used to describe the
location and orientation of the detector.

A. LISA Detector Frame

The LISA Detector Frame (LDF) is a Cartesian co-
ordinate system {x, y, z} and associated spherical-polar
coordinates {θ, φ} which are rigidly attached to the LISA

detector. The layout of the coordinate system is shown in
Fig. 1. The origin of the LDF lies at the guiding center,
which is the point in the center of the constellation which
is equidistant from each of the three sciencecraft(5). Sci-
encecraft 1 is constrained to remain on the −y axis of the
LDF, and the normal of the constellation points along the
+z axis; the remaining two sciencecraft are numbered in
a clockwise sense around the normal, as indicated in the
figure. The distance from the guiding center to any sci-
encecraft is

ℓ =
L1L2L3

√

2L2
1L2

2 + 2L2
2L2

3 + 2L2
1L2

3 − L4
1 − L4

2 − L4
3
, (1)

where {L1, L2, L3} are the armlengths between each of
the sciencecraft, as indicated. The armlengths are la-
beled such that the index label of the arm matches the
label of the sciencecraft which sits at the constellation
vertex opposite the arm3. The unit arm-vectors r̂ij
point along the interferometer arms with the orienta-
tions shown, from sciencecraft i to sciencecraft j. The
nominal inter-sciencecraft separation for standard LISA
is Lo = 5 × 109 m.

The response of the detector will be decomposed into
two basis tensors, ξ+ and ξ×, which define what the de-
tector perceives to be + and × polarized waves. In terms
of the Cartesian coordinates of the LDF, these detector
basis tensor are defined as

ξ+ = x̂⊗ x̂− x̂⊗ x̂ ⇒





1 0 0
0 −1 0
0 0 0



 (2a)

ξ× = x̂⊗ ŷ + ŷ ⊗ x̂ ⇒





0 1 0
1 0 0
0 0 0



 (2b)

In order to describe a gravitational wave in the LDF, a
set of polarization basis vectors must be defined. These
basis vectors will be used in the construction of the po-
larization tensors which describe how the detector de-
composes incoming gravitational waves. A right-handed
triad of vectors {û, v̂, k̂} is defined, such that k̂ points
along the propagation vector of the gravitational wave.
The vectors {û, v̂} lie in a plane orthogonal to k̂, are tan-
gent to a 2-sphere centered at the guiding center, and
point to increasing values of the spherical-polar coordi-
nates {θ, φ} on the 2-sphere4, such that

û = φ̂ v̂ = θ̂ . (3)

3 This naming pattern for the indices follows (5), where it plays
an important role in the permutation symmetry that relates TDI
observables to one another. In general, the armlengths are often
expressed in terms of the one-way light travel times ℓij from
sciencecraft i to j.

4 Not all the literature makes this orientation assumption.
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FIG. 2 The orientation of the {û, v̂, k̂} triad in the LDF.
These vectors are defined in terms of their spherical-polar
location {θ, φ} on the 2-sphere centered at the guiding center
of the constellation.

In the Cartesian coordinate system illustrated in Fig. 1,
these vectors have components

û = − sinφ x̂+ cosφ ŷ (4a)
v̂ = cos θ cosφ x̂+ cos θ sinφ ŷ − sin θ ẑ (4b)

k̂ = − sin θ cosφ x̂− sin θ sinφ ŷ − cos θ ẑ . (4c)

Their orientation is shown in Fig. 2.
There is a natural transverse traceless polarization de-

scription that can be built around these vectors; the po-
larization tensors are generally called e+ and e×, and are
given by

e+ = û⊗ û− v̂ ⊗ v̂ (5a)
e× = û⊗ v̂ + v̂ ⊗ û (5b)

B. Barycentric Ecliptic Frame

The barycentric ecliptic frame (BEF) is a Cartesian co-
ordinate system {X,Y, Z} centered at the solar system
barycenter, aligned such that the +Z axis points to the
North Ecliptic Pole, and the +X axis points toward the
vernal equinox (the First Point in Aries); this will leave
+Y in the ecliptic plane. The 2-sphere centered on this
Cartesian system is covered by ecliptic coordinates, de-
noted by the ecliptic latitude β and ecliptic longitude λ,
as shown in Fig. 3.

Distances in the Barycentric Ecliptic frame are mea-
sured in Astronomical Units. The Astronomical Unit is
defined as

1 AU = c ∗ (light-time for one AU)(6)
(light-time for 1 AU) = 499.0047838061 s (7)

Z

YX

β

λ

FIG. 3 The relationship between the barycentric ecliptic
frame (BEF) and conventional ecliptic latitude (β) and lon-
gitude (λ).

Ecliptic coordinates are useful in the LISA context be-
cause the motion of the guiding center naturally follows
close to the reference planes of the coordinate system.
Much astronomical literature, particularly with regards
to sources, is often expressed in equatorial coordinates of
right ascension α and declination δ, so it is convenient
to write the transformation between the two coordinate
systems down. The transformation equations from {δ, α}
to {β, λ} are:

sinβ = cos ε sin δ − sinα cos δ sin ε (8a)
cosλ = cosα cos δ/ cosβ , (8b)

where ε is the axial tilt of the Earth’s rotation axis5.
The transformation equations from {β, λ} to {δ, α} are

sin δ = sin ε sinλ cosβ + cos ε sinβ (9a)
cosα = cosλ cosβ/ cos δ . (9b)

The BEF and the LDF are related to each other by the
series of rotations described as part of the constellation
ephemeris in §V.

C. What about the source frame?

The polarization decomposition in Eq. 5 is related to
the natural decomposition defined by the orientation of
the source on the sky through the principle polarization
angle ψ, which must be determined through a science
analysis of the data from the detector. The frame which
is aligned to the sources principle polarization axes does

5 The value ε is properly referred to as the obliquity of the ecliptic,
and at J2000.0 has a value of 20◦26′21′′.4119(6).
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not play a role in the SLDP. The SLDP encodes the out-
put of a LISA detector, and represents what is observed.
It is the goal of science analysis to extract from this data
the information about the source frame (e.g. its orienta-
tion and inclination on the sky).

IV. CONSTELLATION RESPONSE

Any interferometric observable ∆(t) can be completely
represented in a coordinate independent way in terms of a
unique response tensor6 R(t) projected onto the incident
gravitational wave perturbation tensor h(t) as

∆(t) = R(t) : h(t) , (10)

where the : operator denotes double contraction

a : b = aαβbαβ . (11)

The content of an SLDP represents what LISA observes,
that is to say, what the response of the detector is to
incident gravitational waves in the LISA Detector Frame
(LDF). To that end, it is convenient to think of the com-
ponents of an SLDP expressed in terms of quantities ex-
pressed in the LDF. The LISA response tensor for any
observable can be decomposed as a linear combination of
the basis tensors in Eq. 2. Similarly, any incident grav-
itational radiation can be decomposed in terms of the
basis tensors in Eq. 5, allowing any observable to be un-
derstood in the LDF as

∆(t) = [R+(t)ξ+ +R×(t)ξ×] : [h+(t)e+ + h×(t)e×] .
(12)

To interpret the content of an observable ∆(t) in the
context of a sources location on the sky, a science analyst
must use the constellation ephemeris (as a function of
time) to extract meaningful astrophysical information as
part of an analysis procedure.

V. CONSTELLATION EPHEMERIS

The constellation ephemeris relates the instantaneous
location and orientation of the detector to an astronom-
ical coordinate system convenient for describing sources
in. In terms of the SLDP, the ephemeris relates the LDF
to the BEF at specified moments in time. It can be
thought of as a parameterized operator which transforms
vector components and locations from the BEF to the
LDF.

6 Each observable will have its own response tensor which must be
defined and specified.
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FIG. 4 Geometric definition of the ephemeris angles
{Φc, ic, Φg} in the barycentric ecliptic frame (BEF) based on
the location and orientation of the LISA constellation. Shown
for reference are the location of the guiding center (+), the
three sciencecraft, and the constellation normal vector.

A. Ephemeris Definition

The ephemeris is characterized by three angles and one
translation vector:

⊲ Φg: The guiding center phase angle Φg character-
izes the phase of the guiding center with respect to
the barycenter. It is measured in a right handed
sense around the +Z axis in the BEF, with Φg ≡ 0
at the +X axis.

⊲ ic: The constellation inclination angle ic character-
izes the inclination of the plane of the LISA con-
stellation to the ecliptic plane. It is measured from
the +Z axis in the BEF to the normal vector of the
constellation, with ic ≡ 0 when the normal vector
points along the +Z axis. The orientation of the
LISA normal vector is defined to be the normal vec-
tor on the side of the constellion about which LISA
rotates in a clockwise sense.

⊲ Φc: The constellation phase angle Φc character-
izes the internal phase of the constellation around
its guiding center, as viewed from the solar system
barycenter. It is measured in the plane of the con-
stellation, clockwise around the constellation nor-
mal vector from the ecliptic plane to the vector ~p1
which points from the guiding center to sciencecraft
1 (i.e., the sciencecraft which is constrained to lie
on the −y axis in the LDF, as shown in Fig. 1; see
Appendix B for components of the ~pi in the LDF).
Φc ≡ 0 when ~p1 points parallel to the ecliptic plane,
against the direction of LISA’s orbit.

⊲ ~T : A translation vector, which points from the BEF
origin (solar system barycenter) to the LDF ori-
gin (the constellation guiding center). The magni-
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tude of this vector gives the offset of LISA from the
barycenter, and its direction gives the location.

The geometric definitions of these angles in the BEF are
shown in Fig. 4.

The ephemeris is completely specified by six num-
bers specified at known moments in time: the three
angles {Φc, ic,Φg}, and the three components of ~T ,
{TX , TY , TZ}. To provide a useable ephemeris for an
SLDP file, simulation software should provide the six val-
ues noted above, the ephemeris start time7 to, and the
ephemeris cadence ∆te.

The choice of the number of time points to provide
the ephemeris at is left up to the SLDP author. Sudden
drastic changes in the constellation ephemeris are not ex-
pected to occur. A long cadence of ∆te ≃ 0.5 day (730
points per year) should be adequate to allow interpola-
tion of the ephemeris by science analysis software at any
moment in time.

Note that by providing the constellation ephemeris at
defined moments in time, the SLDP does not require
specification of the engineering constants8 which spec-
ify the initial orientation of the constellation. If a user
desires to know the values of these constants, they can be
deduced from the information provided in the ephemeris.

B. Example: Ephemeris Rotation Operations

One way to think about the ephemeris angles is in
terms of rotation operations. In an operational sense, the
ephemeris transformation is a series of rotations which
coalign the Cartesian axes of the LDF and the BEF.

Most data simulators will track the orientation and lo-
cation of the LISA constellation in the BEF (or a closely
related frame). In this regards, it is convenient to de-
scribe rotation operations in terms of the ephemeris an-
gles {Φg, ic,Φc} and rotations around the Cartesian axes
of the BEF.

If the coordinate axes of the LDF and the BEF are
initially coaligned, the following operations on the LDF
axes will correctly orient the frame with respect to the
BEF.

⊲ Rotation operation: R1 = RZ(Φc)

⊲ Rotation operation: R2 = RY (ic)

⊲ Rotation operation: R3 = RZ(−Φg)

Here, RY (α) and RZ(α) are the usual rotation matrices

RY (α) =





cosα 0 − sinα
0 1 0

sinα 0 cosα



 (13)

7 The assumption in v1.0 of the SLDP is that the observables,
ephemeris, response, and noise all have the same start time.

8 For example the κ and λ parameters from (7).

and

RZ(α) =





cosα sinα 0
− sinα cosα 0

0 0 1



 (14)

If a vector has components ~A in the BEF and compo-
nents ~A′ in the LDF, then it is possible to write down the
transformations between the components of the two vec-
tors using the ephemeris angles and rotation operations.

The operation to compute the components of a vector
in the LDF ( ~A′) from known values in the BEF ( ~A) then
appears as

~A′ =
[

RZ(−Φc)RY (−ic)RZ(Φg) ~A
]

. (15)

In tensor index notation, this can be represented by the
operation

A′
l = Rli

3R
ij
2 R

jk
1 Ak (16)

where R1 = RZ(Φg), R2 = RY (−ic) and R3 = RZ(−Φc).
Here all the indices are spatial indices, so super- and sub-
scripted indices are equivalent; summation over repeated
indices is still implied.

To compute the components of vectors in the BEF ( ~A)
from components in the LDF ( ~A′), the inverse operation
is applied:

~A =
[

RZ(−Φg)RY (ic)RZ(Φc) ~A′
]

. (17)

In tensor index notation, this can be represented by the
operation

Al = Rli
1R

ij
2 R

jk
3 A

′
k (18)

where the inverse rotations have been denoted R1 =
RZ(Φc), R2 = RY (ic) and R3 = RZ(−Φg).

VI. DETECTOR NOISE

All noise characterizations begin with the first two mo-
ments of the noise distribution: the noise mean and co-
variance. Additional facets of the noise that are of partic-
ular importance may also be characterized; however, as a
general rule these are very problem specific; they depend
on the characteristics of the specific constellation being
used and the particular type of analysis being performed.

SLDP v1.0 assumes that the noise in each of the data
product observables has zero mean and is stationary. The
SLDP characterization of the noise then is completely
specified by the covariance matrix of the observables.
Writing the noise in observable channel j as nj[k], the
SLDP noise characterization is

Cjk[l −m] = 〈nj [l]nk[m]〉 (19)

where 〈·〉 denotes an ensemble average.
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VII. GENERATING AN SLDP

The SLDP is a generic format which can be used with
any LISA signal simulation software. In this section,
a procedure is outlined which describes how to create
the data necessary to write an SLDP for the simulation
software of your choice.

To write a valid SLDP file, the software will need to
produce the following items

⊲ The LISA ephemeris, consisting of the three an-
gles {Φc, ic,Φg}, and the three vector components
{TX , TY , TZ}, as outlined in §V.

⊲ A set of LISA observables, consisting of 1, 2 or 3 in-
terferometric variables, representing the output of
the LISA detector. These are, in principle, the out-
put of LISA simulation software, and could be the
Michelson signal extracted at one or more vertices,
or a family of TDI observables.

⊲ For each observable, two response scalars, consist-
ing of R+ and R× as described in §IV, which are
matched in pairs to the observables included as part
of the SLDP.

These elements are each specified as functions of time in
the SLDP. As such, a cadence and start time for each
must be specified. In SLDP v1.0, it is assumed that
the start time to is the same for all quantities, but that
different cadences ∆t can be specified for each of the
items in the above list.

In addition to the above elements, a SLDP file specifies
the noise covariance matrix as a function of a time lag.
The initial data point corresponds to a zero lag, with
each successive point specifying the covariance matrix at
integer increments of the lag cadence.

A. Response: Generic Numerical Procedure

In this section, a generic procedure is described which
will characterize the response of any LISA data simulator
in a fashion which is adequate for creating an SLDP.

The response scalars R+ and R× can be generated by
a completely numerical procedure from any LISA simu-
lation software by taking the following steps:

⊲ Rigidly fix the detector in the LDF, as described in
§III.A.

⊲ Send in a unit normalized impulse gravitational
wave which is purely + polarization (i.e., it has
components h(t) = h+(t)ξ+, where ξ+ is given by
Eq. 2). The output of each of your observables is
the response scalar R+ associated with that observ-
able.

⊲ Send in a unit normalized impulse gravitational
wave which is purely × polarization (i.e., it has
components h(t) = h×(t)ξ×, where ξ× is given by

Eq. 2). The output of each of your observables is
the response scalar R× associated with that observ-
able.

⊲ Evolve the detector forward in time, and repeat
this procedure at each time where the response is
to be described. This is an essential step, as it
encodes how the internal evolution of the detector
(e.g., breathing of the arms) affects the response.

B. Response: Analytic Michelson Example

In some instances, it is possible to explicitly work out
the value of the response scalars analytically. While they
should still be included in the SLDP files in the required
numerical format, this provides an easy way to verify
that the response specification has been computed cor-
rectly. In this section, the response for a set of standard
Michelson observables is described in the context of the
SLDP.

A general monochromatic gravitational wave propagat-
ing in the k̂ direction may be written in the LDF as

h(t, ~x) = h+(t− k̂ · ~x) e+ + h×(t− k̂ · ~x) e× , (20)

where the polarization basis tensors {e+, e×} are given
by Eq. 5, and {t, ~x} are the spacetime coordinates of the
field point where the gravitational wave is being sampled.

Michelson signals are constructed from individual
phase measurements φij(t) made at sciencecraft j of the
laser light originating on sciencecraft i. In a noiseless de-
tector, the phase shift measured at any sciencecraft of an
incoming signal compared to an outgoing signal is pro-
portional to the armlength perturbations induced by the
passing gravitational wave

δφij(t) = 2πνo · δℓij(t− ℓij) , (21)

where νo is the laser frequency, and ℓij is the one-way
light time from sciencecraft i to j. A complete Michelson
signal measured at sciencecraft9 i is denoted as Mi(t)
and is constructed as a sum of individual one way phase
shifts. For example, the Michelson observable at vertex
1 is given by

M1(t) = [δφ12(t21) + δφ21(t)]
− [δφ13(t13) + δφ31(t)] , (22)

where the times are defined in terms of the one-way light
times as

t21 = t− ℓ21 (23a)
t31 = t− ℓ31 , (23b)

9 The sciencecraft where the Michelson signal is extracted is like
the cornerstation in a standard interferometer, and is generally
referred to as the vertex.
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Using Eqs. 23 in 22 with 21 yields

M1(t) = 2πνo [δℓ12(t− ℓ21 − ℓ12) + δℓ21(t− ℓ21)
− δℓ13(t− ℓ31 − ℓ13) − δℓ31(t− ℓ31)] (24)

The armlength perturbations induced by a passing
gravitational wave are described by (8)

δℓij(t) = ℓij(t)
∫ ∞+

−∞
df d(t, f) : h̃(f) ei2πf(t−k̂·~x(t)) ,

(25)
and the one arm detector tensor is defined by

dij(t, f) =
1
2

(r̂ij(t) ⊗ r̂ij(t)) T (t, f) . (26)

Here T (t, f) is the arm response function; in general it
is given by

T (t, f) = sinc
(

f
2f∗

(

1 − k̂ · r̂ij(t)
)

)

× exp
(

i
f

2f∗

(

1 − k̂ · r̂ij(t)
)

)

, (27)

where f∗ = c/(2πLo) is the transfer frequency. In the low
frequency limit, f ≪ f∗, T ≃ 1 and the detector tensor
becomes

dij(t, f) ≃ dij(t) =
1
2

(r̂ij(t) ⊗ r̂ij(t)) . (28)

This allows the detector tensor to be factored out of the
integral in Eq. 25. The remaining Fourier integral is eas-
ily evaluated for a monochromatic wave, and the arm-
length perturbations in this limit then are easily repre-
sented as

δℓij(t) = ℓij(t) dij(t) : h(t, ~x) , (29)

where h(t, ~x) is given by Eq. 20.
By working in the low-frequency limit, the assumption

is that Lo · (∂h/∂t) ≪ 1; the gravitational wave changes
very little as a function of time on scales which are com-
parable to the light propagation time down an interfer-
ometer arm. In this approximation, time-delays can be
neglected (i.e. t− ℓij ≃ t), and the Michelson observable
in Eq. 24 may be written as

M1(t) ≃ 2πνo [δℓ12(t) + δℓ21(t) − δℓ13(t) − δℓ31(t)]
(30)

Using Eq.29 in this expression then yields

M1(t) ≃ 2πνo [ℓ12(t)d12(t) + ℓ21(t)d21(t)
− ℓ13(t)d13(t) − ℓ31(t)d31(t)] : h(t, ~x) . (31)

Comparing this expression with Eq. 10, which represents
the basic decomposition of an observable in the LDF, the
response tensor for this Michelson observable is given by

R1(t) = 2πνo [ℓ12(t)d12(t) + ℓ21(t)d21(t)
− ℓ13(t)d13(t) − ℓ31(t)d31(t)] (32)

For general evolution of a LISA constellation, describ-
ing the components of Eq. 32 as a function of time will
require knowledge of the armlengths (or alternatively
the sciencecraft positions) as a function of time. In
the case where the armlengths are fixed and constant,
L1 = L2 = L3 ≡ ℓij ≡ Lo, the constellation is an equilat-
eral triangle, and the unit armlength vectors have com-
ponents

r̂12 = −
1
2
x̂+

√
3

2
ŷ (33a)

r̂13 =
1
2
x̂+

√
3

2
ŷ (33b)

r̂23 = x̂ . (33c)

Under the assumption that the constellation is rigid, the
unit vectors are time independent and r̂ji = −r̂ij . The
one-arm detector tensors are computed from these unit
vectors, and are easily shown to be

d12 = d21 =





1/8 −
√

3/8 0
−

√
3/8 3/8 0

0 0 0



 (34)

and

d13 = d31 =





1/8
√

3/8 0√
3/8 3/8 0
0 0 0



 (35)

With these representations, the response tensor in Eq. 32
becomes

R1 = 2πνoLo





0 −
√

3/2 0
−

√
3/2 0 0

0 0 0



 (36)

Decomposing this tensor in the LDF in terms of the basis
tensors as in Eq. 12, yields the Michelson response scalars

R+,1 = 0 R×,1 = −2πνoLo

√
3

2
. (37)

This procedure can similarly be repeated for the other
two vertices:

R2(t) ≃ 2πνoLo [d23(t) + d32(t)
− d12(t) − d21(t)] (38a)

R3(t) ≃ 2πνoLo [d13(t) + d31(t)
− d32(t) − d23(t)] (38b)

and the Michelson response scalars are

R+,2 = 2πνoLo
3
4

R×,2 = 2πνoLo

√
3

4
, (39)

and

R+,3 = −2πνoLo
3
4

R×,3 = 2πνoLo

√
3

4
. (40)
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It should be noted here that users of LISA simulation
software should take care to be aware what is actually
output from the software. In some instances, the output
may be phase differences, as has been assumed here. In
other instances, the output may be dimensionless strain,
which would alter the above response function results by
dividing by 2πνoLo.

C. Noise specification

Symbolically, the jth constellation observable depends
on the response function Rj , the constellation ephemeris
E, the incident gravitational wave field h, and the detec-
tor noise nj according to

dj = Rj ∗ Eh+ nj . (41)

The noise characterization is specified by giving the co-
variance matrix Cjk(s) for the noise data streams asso-
ciated with the constellation observables. For a discrete
time series with equal number of data points N , the co-
variance matrix is found from

Cjk(s) =
1
N

N−s
∑

i=1

nj(ti)nk(ti + s) (42)

where s is referred to as the lag.

VIII. SLDP INTERFACE CODES

Users can read/write SLDP files by employing applica-
tion programming interfaces (APIs). These are libraries
that provide simple subroutines for reading and writing
SLDP files. A generic API specification is available on
the TLA web site; specific implementations will be pro-
vided in C, C++, FORTRAN, MatLab, and Mathemat-
ica.

Each API incarnation is accompanied by a Software
User’s Guide which details the implementation in a par-
ticular computing environment, but the SLDP function-
ality is identical. All SLDP files are read/write acces-
sible from each computing environment which hosts a
supported API.

IX. GETTING MORE INFORMATION

The SLDP home is located on the web at the Testbed
for LISA Analysis(9). The latest documentation, and
codes for interfacing with SLDP files can be found there.
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APPENDIX A: JARGON

• BEF: The Barycentric Ecliptic Frame is a Carte-
sian and associated spherical coordinate system
rigidly attached to the ecliptic plane with its origin
at the solar system barycenter. See §III.B.

• ephemeris: The transformation from the solar
system barycenter to the constellation location and
orientation at any moment in time. In the SLDP
the constellation ephemeris translates between the
LISA Detector Frame (LDF) and the Barycentric
Ecliptic Frame (BEF). See §V.

• guiding center: The guiding center is the point in
the plane of the LISA constellation which is equidis-
tant from all three spacecraft.

• LDF: The LISA Detector Frame is a Cartesian
and associated spherical-polar coordinate system
rigidly attached to the LISA detector. All the data
in an SLDP are described in terms of this coordi-
nate system, which is related to the external (pre-
sumably astronomical) coordinate system by the
constellation ephemeris. See §III.A.

• observable: An observable is an interferometric
data stream from the LISA detector which will
be searched for gravitational wave signals (e.g.,
Michelson signal Mi(t) extracted from vertex i, or
a TDI signal such as X(t)).

• response scalar: The scalar functions R+ and R×
which multiply the basis tensors ξ+ and ξ× in the
LDF decomposition of an observable (cf. Eq. 12).
They encode the instrumental response of LISA to
purely polarized gravitational wave states in the
LDF.

• sciencecraft: A single spacecraft element in the
LISA constellation. The LISA craft are properly
referred to as sciencecraft because they are the sci-
ence instrument in the observatory (as opposed to
spacecraft, which are the platforms which scientific
instruments ride on).

• SLDP: The Simulated LISA Data Product file for-
mat.

APPENDIX B: LISA Constellation

It is often useful to describe the LISA constellation
in terms of vectors which relate the individual science-
craft to each other and to the guiding center (see, for
example, (5)). Because the LISA arms breathe as the
constellation orbits the Sun, the shape of the constel-
lation is constantly changing, making a description of



9

the constellation in terms of constant angles impossi-
ble. Since most data simulators track/compute the arm-
lengths {L1, L2, L3}, it is useful to describe the constel-
lation vectors entirely in terms of these values. This ap-
pendix enumerates the components of the various useful
constellation vectors in the LDF.

The sciencecraft location vectors ~pi point from the ori-
gin of the LDF to the ith sciencecraft, and have length ℓ.
The components of the three vectors are given by:

~p1 = {0,−ℓ, 0} (B1a)

~p2 = {−L3

√

1 −
(

L3

2ℓ

)2

,
L2

3
2ℓ

− ℓ, 0} (B1b)

~p3 = {−L2

√

1 −
(

L2

2ℓ

)2

,
L2

2
2ℓ

− ℓ, 0} (B1c)

Unit arm vectors r̂ij pointing from sciencecraft i to j
can be defined from vector addition of the ~pi and nor-
malizing to the armlengths Li:

r̂12 = −r̂21 =
1
L3

(~p2 − ~p1) (B2a)

r̂13 = −r̂31 =
1
L2

(~p3 − ~p1) (B2b)

r̂23 = −r̂32 =
1
L1

(~p3 − ~p2) (B2c)
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