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ABSTRACT
LISA Pathfinder (LPF) has been a space-based mission designed to test new technolo-
gies that will be required for a gravitational wave observatory in space. Magnetically
driven forces play a key role in the instrument sensitivity in the low-frequency regime
(mHz and below), the measurement band of interest for a space-based observatory.
The magnetic field can couple to the magnetic susceptibility and remanent magnetic
moment from the test masses and disturb them from their geodesic movement. LISA
Pathfinder carried on-board a dedicated magnetic measurement subsystem with noise
levels of 10 nT Hz−1/2 from 1 Hz down to 1 mHz. In this paper we report on the
magnetic measurements throughout LISA Pathfinder operations. We characterise the
magnetic environment within the spacecraft, study the time evolution of the magnetic
field and its stability down to 20 µHz, where we measure values around 200 nT Hz−1/2

and identify two different frequency regimes, one related to the interplanetary mag-
netic field and the other to the magnetic field originating inside the spacecraft. Finally,
we characterise the non-stationary component of the fluctuations of the magnetic field
below the mHz and relate them to the dynamics of the solar wind.
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1 INTRODUCTION

LISA Pathfinder (Anza et al. 2005; Antonucci et al. 2012)
was an ESA mission with NASA contributions designed to
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2 Armano et al.

test key technologies for the future gravitational-wave ob-
servatory in space, the Laser Interferometry Space Antenna
(LISA) (Amaro-Seoane et al. 2017). The main scientific goal
for the mission was to reach a relative acceleration noise be-
tween two test masses in nominal geodesic motion of 3×10−14

m s−2 Hz−1/2 at 1 mHz. The relevance of this measurement
was not only its demand in terms of noise reduction but
also the very low frequency measuring band, which intro-
duces technological difficulties that can not be addressed by
ground-based gravitational-wave detectors.

LISA Pathfinder was successfully launched on Decem-
ber 3rd, 2015, and started scientific operations after arriv-
ing at the Lagrange point L1 on March 1st, 2016. The mis-
sion plan included a six-month operations split between the
two experiments on-board: the European LISA Technology
Package (LTP) and the American Disturbance Reduction
System (DRS). LISA Pathfinder achieved residual accelera-
tion noise levels of 1.74± 0.01 fm s−2 Hz−1/2 between 2 mHz
and 20 mHz, and 60 ± 10 fm s−2 Hz−1/2 at 20 µHz (Armano
et al. 2016, 2018b), which went beyond the required perfo-
mance and, hence, successfully demonstrated the technology
to detect gravitational waves in space.

Apart from achieving a high level of free-fall, it is also
important to understand the different contributions that
will build up the instrument noise model. Therefore, one of
the main objectives of LISA Pathfinder is to split up the
noise into different contributions and help on the design
of a suitable environment for future gravitational-wave
detectors. With that aim, LISA Pathfinder carried the
so-called Data and Diagnostics Subsystem (DDS) which
includes a temperature measurement subsystem (Sanjuán
et al. 2007; Armano et al. 2019b), a magnetic diagnostic
subsystem (Diaz-Aguiló et al. 2013) and a radiation moni-
tor (Canizares et al. 2009, 2011; Armano et al. 2018a).

In this work we focus on the results of the magnetic
diagnostics and more specifically on the characterisation of
the environment on-board the spacecraft during mission op-
erations. Understanding the variability of the magnetic envi-
ronment is crucial for future space-borne gravitational-wave
detectors since any magnetic perturbation has a potential
impact on the instrument performance through magnetic
induced forces exerted on the test masses. With that aim,
both interplanetary and platform originated magnetic fluc-
tuations must be considered and characterised.

This work is organised as follows. In section 2 we in-
troduce the nature of the magnetic forces that can perturb
the test mass motion and describe the magnetic diagnos-
tic system on-board, designed to study and disentangle this
contribution. In section 3 we describe the in-flight measure-
ments and characterise the magnetic environment on-board
as measured by the LISA Pathfinder magnetometers. Fi-
nally, we present our conclusions in section 4.

2 THE ROLE OF THE MAGNETIC
ENVIRONMENT IN LISA PATHFINDER

The geodesic motion of the test masses on-board LISA
Pathfinder is subjected to several sources of disturbance.
Some of them can be corrected through the control loops
that prevent, for instance, the push from solar radiation

pressure to depart the mass from its free-fall orbit. Other
sources of disturbance, however, can not be prevented and
need to be studied and characterised carefully since they
will become an inherent part of the instrument noise bud-
get. This is the case of the forces of magnetic origin applied
on the test mass.

Indeed, an important contribution in the instrument
budget is a force on the test mass that can arise due to
variations in the magnetic field on the test masses location,
originating a magnetic force on the test mass that could not
be discriminated from a force of gravitational origin.

2.1 Magnetic forces on the test mass

To understand the coupling of the test mass to magnetic
induced forces one can consider the test mass inside the
spacecraft as a magnetic dipole in a magnetic field. In such
approximation, the test mass will sense a force given by

F = 〈M · ∇B〉V, (1)

where M is the intrinsic moment of the magnetic dipole, B
the surrounding magnetic field and V the test mass volume.
Here we use the brackets as an average over the test mass vol-
ume. For the sake of simplicity we do not take into account
inhomogeneities or anisotropies in the composition of the
test mass. A more detailed model of the effect of magnetic
field on the test mass would consider also torques applied
to the test mass (Diaz-Aguilo et al. 2012). Several consid-
erations need to be taken into account for the free-falling
test masses inside the satellite. First, two contributions to
the magnetic moment need to be distinguished: a first one
from the intrinsic remanent magnetic moment (Mr) and a
second one coming from induced magnetic moment, which is
proportional (through the magnetic susceptibility, χ) to the
applied magnetic field (Mi = χµ−1

0 B). Both contributions
are determined by the composition of the test mass, which
in the LISA Pathfinder case was a Pt (27%) and Au (73%)
alloy. Eq. (1) therefore expands to

F =

〈[
Mr +

χ

µ0
B
]
· ∇B

〉
V . (2)

Since the main objective of the mission is to understand
differential acceleration fluctuations down to the mHz, we
further need to consider how fluctuations of the magnetic
field will impact on the force. The different components to
this contribution can be easily visualised if one splits both
the magnetic field and the magnetic field gradient into a
constant contribution and a term that varies with time,

B = B0 + δB
∇B = ∇B0 + δ∇B,

which leads to several magnetically-induced force contribu-
tions

F = [〈Mr · ∇B0〉 + 〈Mr · δ∇B0〉]V

+

〈
χ

µ0
[B0 · ∇B0 + B0 · δ∇B]

〉
V (3)

+

〈
χ

µ0
[δB · ∇B0 + δB · δ∇B]

〉
V .

From Eq. (3) we clearly observe how the magnetic environ-
ment will induce a variety of effects on the test mass that
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include: constant force contributions (B0 · ∇B0); terms that
will couple the local field at the test mass position to the
fluctuations of the gradient of the magnetic field (B0 · δ∇B);
couplings of the local magnetic field gradient to fluctuations
in the magnetic field (δB · ∇B0) and coupling of fluctuations
in the field and its gradient (δB ·δ∇B). Hence, equally impor-
tant for the experiment are both the monitoring of magnetic
field and magnetic field fluctuations since both can couple,
through the test mass remanent magnetic moment and sus-
ceptibility, into spurious accelerations of the free-falling test
masses. We will describe in the following the diagnostics sub-
system used on-board to characterise these figures to later
describe the results obtained with these sensors.

2.2 The magnetic diagnostics subsystem

The LISA Pathfinder magnetic diagnostics subsystem ful-
fils two related purposes. First, to measure the magnetic
field and magnetic field gradient on-board and second, to
create magnetic fields and gradients at the position of the
test masses to study the contribution of the magnetic forces
to the instrument noise budget. The subsystem is therefore
composed by four tri-axial magnetometers and two induc-
tion coils to fulfil these two purposes, respectively.

The coils are capable of generating a controlled mag-
netic field at the location of the test masses. The two cir-
cular induction coils are located 85.5 mm away from the
test mass, each one attached to the external wall of each
vacuum enclosure. The coils have a radius of 56.5 mm and
are built with 2400 windings of a copper alloy mounted on
a titanium support with a dedicated high stability curent
driver to ensure that high precision magnetic forces are pro-
duced (Diaz-Aguiló et al. 2013). The coils are aligned with
the axis joining both test masses so that the generated mag-
netic field has axial symmetry. Experiments conducted to
study magnetically-induced forces on the test masses during
flight operations will be reported in a separate publication.

The magnetometers are intended to sense with high pre-
cision the evolution of the magnetic field. The magnetome-
ters on-board LISA Pathfinder are fluxgate tri-axial mag-
netometers, namely TFM100G4-VQS from Billingsley with
a sensitivity of 166.7µV/nT and a typical root mean square
noise figure of 20 pT/Hz at 1 Hz. In fluxgate magnetome-
ters, each axis consists of a first sensing coil surrounding a
second inner drive coil wound around a high permeability
magnetic core material. Although providing low-noise mea-
surements, because of the active magnetic core inside the
sensor, these magnetometers have to be located far enough
from the test mass position so they do not contribute as a
source of magnetically-induced force on the test mass. All
magnetometers channels are connected to a multiplexer af-
ter passing through an analog low-pass filter. The signal is
then amplified by means of discrete operational amplifiers
(OP471AY/QMLR) in an instrumentation amplifier config-
uration. Finally, it is digitally converted by a 16 bit analog to
digital converter (7809LPRPFH). The sampling frequency is
50 Hz. Hence, since the input is multiplexed by 16 channels,
the individual channel sampling frequency is 3.125 Hz. In
section 3.2.3 we will come back to the two last components
of the read-out chain, instrumentation amplifier and analog
to digital converter, which determine the noise performance
of the magnetometer read-out.

Figure 1. Top: X-Y plane view of the LISA Pathfinder space-
craft with the solar panel removed. The positions of the 3 sets of

Cold Gas thrusters and the 2 sets of Colloidal Thrusters are in-

dicated, as well as the LISA Technology Package in the center of
the spacecraft. The LISA Pathfinder reference frame is shown in

red, with its origin in the middle of the LISA Technology Pack-
age. Bottom: Zoom of the LISA Technology Package from the

upper figure. Here we show the position of several items from the

Data Diagnostics Subsystem, consisting in 2 coils and 4 tri-axial
fluxgate magnetometers. In this notation ‘P’ stands for ‘plus’ and

‘M’ for ‘minus’, being each element named according to their posi-

tion within the satellite reference frame. The position of both test
masses is also indicated, as well as the LISA Pathfinder reference

frame, like in the upper figure.

In terms of data handling, the magnetometers data were
downloaded with a dedicated telemetry package, which also
included all the diagnostics on-board the satellite. This ap-
proach is a characteristic of LISA Pathfinder and differs
from most of the scientific space missions where the diag-
nostics subsystem is considered only for house-keeping pur-
poses. The rationale behind this is that, in gravitational-
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Figure 2. Top: Magnetic field measurements on-board LPF from launch date until the satellite passivation. The time axis is Days After

Launch (DAL). The two cyan areas (DAL 40-90 and DAL 575-593) correspond to the commissioning and decommissioning periods,
respectively. The 3 grey shadowed areas (DAL 210-370, DAL 414-415 and DAL 470-510) correspond to the DRS operations, and the rest

correspond to LTP operations. From top to bottom pannel: the X, Y and Z component of the magnetic field, for magnetometers PX
(blue), MX (red), PY(yellow) and MY (green). In this notation, ‘M’ stands for minus and ‘P’ for plus. ‘X’ and ‘Y’ refer to axes on-board
in which the magnetometers are aligned, so PX and MX are the two closest magnetometers to the TMs. The arrows correspond to events
related to important changes in magnetic field. These events are reported in Tables 1 & 2. Bottom: Zoom of X-component measurements

for the four magnetometers during the first DRS operations period (Aug. - Nov. 2016). In this case, we removed the DC level from each
channel to show all measurements in the same scale. See text for more detail.

wave detectors, noise characterisation and noise hunting is
crucial for the operation of the instrument. Hence, in our
current case, environment sensors entail key information for
the achievement of the scientific goal.

3 IN-FLIGHT MEASUREMENTS

After a one-month cruise phase, LISA Pathfinder reached
the L1 Lissajous orbit in January, 2016. The magnetome-
ters on-board started collecting data on January 11th, at
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the start of the LTP commissioning phase and, apart from
some short outages events, they acquired data uninterrupt-
edly until the end of the scientific operations in July, 2017.

Contrary to many other missions that carry their mag-
netometers at the end of a long boom to isolate the mea-
surement from spacecraft interferences, magnetometers on-
board LISA Pathfinder are located inside the spacecraft with
the main objective of monitoring the magnetic field as close
as possible to the test mass position. At the same time, the
magnetometers have to be sufficiently far away from the test
masses since, as explained before, the fluxgate head contains
a magnetically active component that could induce spurious
forces on the test mass, therefore disturbing the main sci-
entific measurement of the mission. The trade-off between
these two conditions results in the locations shown in Fig. 1.

All magnetometers are located in the plane defined by
the test masses and the optical bench. This configuration
allows for an approximate estimate of the magnetic field
gradient, a key factor in the magnetic noise contribution
to the test masses free fall, across two axes but it leaves the
third one, Z in the spacecraft frame, unmeasured. It is worth
stressing that the gradients estimated that way are unlikely
to be representative of the magnetic field gradient at the test
mass position, the reason being that local sources, as for in-
stance the temperature sensors surrounding the test masses
in the electrode housing, could be a potential source of local
magnetic gradient (Sanjuan et al. 2009). For instance, for
the worst case layout of these sensors, the magnetic field gra-
dient across X between the 2 faces of the test masses could
reach values around 10 µT m−1, which would be orders of
magnitude above the values we report in Appendix A for
the gradients computed across magnetometers. As we will
show in the following, the DC value measured by each mag-
netometer is completely dominated by the spacecraft units
while the fluctuations have both a spacecraft and an inter-
planetary contribution.

3.1 Evolution of the measured on-board magnetic
field

In the top panel of Figure 2 we show the time series for
the read-out of the four magnetometers on-board LISA
Pathfinder since the magnetometers switch-on and until the
end of the mission, in July 2017. We provide the magnetic
field measurements in the X, Y and Z axes in the LTP refer-
ence frame, although the X-component contains most of the
interesting features that we will discuss in the following.

The absolute value of the magnetic field at each mag-
netometer location is dominated by the spacecraft contribu-
tion reaching values up to 1µT , far from typical interplan-
etary magnetic field values which would be of the order of
5-10 nT. Most of the magnetic field measured by the mag-
netometers corresponds to the contribution of the cold gas
micro-propulsion system, in particular to the magnets on the
high-pressure latch valves. With an on-ground measured mo-
ment of 950 mA m2, they account for most of the magnetic
field measured by the magnetometers (Armano et al. 2015).
It is important to mention that since the cold gas thrusters
are placed in different locations of the spacecraft the mag-
netic field they create do not necessarily add in the same
direction.

The time series can be divided in six different segments

which correspond to the different phases of the mission,
namely comissioning, LTP operations, DRS operations, the
associated mission extension for both experiments, and de-
comissioning. The most prominent features in the magnetic
field timeline are experiments with the coils to characterise
the magnetic contribution to the test mass free-fall. These
experiments are listed in Table 1. Other features that af-
fected the magnetic environment and can be identified in
Figure 2 are listed in Table 2. In the latter case, these are
not associated to the activation of the coils on-board (except
for event ‘a’, which was a check of the correct functioning
of coil 2) but to the operation of the spacecraft itself, i.e.
from changes in configuration to identified anomalies during
operations. For the sake of completeness, the mean values
of the magnetic field DC for different configurations of the
spacecraft can be found in Appendix A.

In terms of the magnetic environment, we notice that
DRS operations had an impact in the spacecraft magnetic
environment. As seen in the bottom panel of Figure 2, the
mean value of the X component shows a steady decrease
of 150 nT starting around Aug. 8th and ending around
Nov. 13th. for the two magnetometers located near the test
masses, i.e. magnetometers PX and MX in the bottom panel
of Figure 1. This period is coincident with the start of oper-
ations of the DRS instrument. Apart from this long drift, in
magnetometers PX and MX we also observe a DC increase
of about 40 nT when we turn on the DRS system and the
same decrease when we turn it off. This DC change should
be related to some units being switched on and off when we
change the control system of the satellite.

The reason of this long term trend observed in the mag-
netic field on-board can be explained by the differences be-
tween LTP and DRS micro-propulsion systems. The LTP
micro-propulsion system consists of three clusters each fea-
turing four cold gas thrusters (Armano et al. 2019a). The
thruster system uses high-pressure Nitrogen propellant to
provide very small impulses with a thrust range of 1–500 µN.
Four Nitrogen tanks store the gas at 310 bar with a maxi-
mum capacity of 9.6 kilograms of Nitrogen. The DRS micro-
propulsion system is composed by two Colloid Micro-Newton
Thruster (CMNT) clusters (Ziemer et al. 2006). Each clus-
ter includes four complete and independent thruster units.
For the CMNT subsystem, thrust is adjustable from 5–30 µN
by changing the beam voltage and/or propellant flow rate
that determines the beam current. In this case, the propel-
lant is stored in four electrically isolated stainless steel bel-
lows compressed by four constant force springs set to supply
four micro-valves with propellant at approximately 1 atm of
pressure. In terms of the spacecraft magnetic field, this sets
a relevant difference between both thrust subsystems since
the continuous operation of the CMNT subsystem leads to a
steady displacement of the bellows inside the storage tank.
Although not having a direct impact on the mission op-
erations in terms of gravitational pull, it is precisely this
displacement of the stainless steel bellows occurring during
the depletion of the fuel tanks the one that originates the
observed magnetic field change. Indeed, given the known ge-
ometry and measured magnetic properties of the CMNT we
can estimate the impact of the operation of these thrusters
on the magnetic environment. The CMNT are aligned in
the direction joining both test masses (X direction) as can
be seen in the top panel of Fig. 1. They are located at a

MNRAS 000, 1–16 (2020)
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Event Date (DAL)

(1) Comissioning injec. in TMs 1 & 2 28 Feb’16 (87)
(2) Mag. exps. in TMs 1 & 2 27 April’16 (146)

(3) Mag. exps. in TM 1 18 Jun’16 (198)

(4) Mag. exps. in TM 1 14 Mar’17 (467)
(5) Decomissioning injections 04 Jul’17 (579)

Table 1. Dates associated with magnetic experiments on-board

LISA Pathfinder. In parenthesis we include the Days After Launch
(DAL).

Event Date (DAL)

(a) Coils check 11 Jan’16 (39)

(b) Propulsion module released 22 Jan’16 (50)
(c) DMU SW crash 5 May’16 (154)

(d) Cluster-2 DCIU anomaly 9 Jul’16 (219)

(e) LTP safe mode 24 Sep’16 (296)
(f) DMU SW crash and reboot 21 Oct’16 (296)

(g) Thruster-4 anomaly 27 Oct’16 (329)

(h) Cooling down 23 Jan’17 (417)
(i) Cooling down 29 Apr’17 (513)

(j) High pressure latch valves switch 13 Jul’17 (588)

Table 2. Dates associated with events that impacted the mag-

netic environment on-board LISA Pathfinder. In parenthesis we

include the Days After Launch (DAL).

distance of 28 cm with respect to the two magnetometers
that are located along this same axis, the PX and MX mag-
netometer in the notation of the bottom panel of Fig. 1.
The measurement on-ground reported a magnetic moment
for these units of 209 mA m2 (in modulus) which would pro-
duce a magnetic field of 1.1 µT on the position of the closest
magnetometer to each CMNT according to the equation of
the magnetic field produced by a magnetic dipole:

B(r) = µ0
4π

(
3r(m · r)

r5 − m
r3

)
(4)

with m being the magnetic moment of the source and r a
vector going from the center of the magnetic dipole to the
position where the magnetic field is being measured. If we
now assume that the overall variation in the magnetic field
measured in the X direction during DRS operations is due
to the displacement of the bellow inside the CMNT valves,
this would imply a 1 cm displacement which is compatible
with the geometry of the valve and the amount of propellant
being expelled during this period.

3.2 Fluctuations of the on-board magnetic field

Given that any varying magnetic field or magnetic field gra-
dient will couple into the motion of the test masses, un-
derstanding the origin of the fluctuations of the magnetic
field measured on-board is an important output of LISA
Pathfinder for future gravitational-wave detectors in space.
In the previous section we have seen how the electronic units
on-board the satellite are the dominant contribution to the
magnetometers DC measurement since the interplanetary
contribution (typically of the order of 5-10 nT) is at least one
order of magnitude below the values reported, for instance,

in Table A1. The situation is different when we study the
variations of the magnetic field. A wide variety of phenom-
ena can produce a varying magnetic field and, as we show
in the following, both fluctuations originated by the space-
craft and by the interplanetary magnetic field are relevant
to understand the magnetic field spectra measured by LISA
Pathfinder.

We divide the three sections below as follows. First, we
provide a characterisation of the different magnitudes de-
scribing the fluctuations of the magnetic field on-board to
then focus on the physical mechanisms describing these fluc-
tuations for two different frequency regimes that we distin-
guish in our data.

3.2.1 Characterisation of magnetic field fluctuations
on-board

The fact that the four magnetometers of the magnetic diag-
nostics subsystem enclose the main instrument enables the
direct comparison between different read-outs to disentan-
gle spacecraft from interplanetary contributions. To do so,
we use the coherence function which statistically quantifies
common fluctuations between two time series. In the bot-
tom right panel of Figure 3 we show the coherence function
between the different channels of the magnetometers pair
PX and PY, although the results shown are equivalent for
each couple of magnetometers analysed. As shown in the
figure, coherence between orthogonal axes is suppressed in
the whole band while correlation between measurements on
the same axes show a steep increase below 5 mHz. Given the
low frequency of the coherent magnetic field fluctuations and
the location of the magnetometers, these results points to-
wards the interplanetary magnetic field fluctuations as the
leading contribution in the sub-mHz frequency regime. On
the other hand, fluctuations above the mHz region would be
dominated by read-out electronics. This is further confirmed
by the following analysis.

To evaluate the magnetic field and magnetic field gradi-
ent fluctuations we compute the amplitude spectral density
(the square root of the power spectral density) by means
of the Welch averaged periodogram (Welch 1967). We use
data segments of 56 h and apply a Blackman-Harris window
to prevent spectral leakage. To make sure that the window is
not biasing our estimate we remove the lowest four frequency
bins of the spectra. To compute the dots in the spectra we
performed an averaging in the frequency domain, see the
method described in the supplemental material of Armano
et al. (2018b) for a further explanation. All the analysis and
data post-processing were performed with LTPDA (Hewit-
son et al. 2009), a MATLAB toolbox designed for the anal-
ysis of the LISA Pathfinder data.

The spectra of magnetic field fluctuations are shown in
the left panel of Figure 3, from top to bottom, for the X,
Y and Z components of the magnetic field, respectively. In
this case, we notice that the two frequency regimes previ-
ously observed in the coherence function also appear with
differentiated spectral behaviour above and below 5 mHz.
Indeed, while the sub-mHz fluctuations show an almost con-
stant spectral index, fluctuations above the mHz are flat and
uncorrelated. Moreover, the magnitude of sub-mHz fluctu-
ations is equal for all four magnetometers whereas in the
high frequency regime different magnetometers show a dif-
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LPF Magnetic environment 7

Figure 3. Characterisation of the magnetic field environment on-board for the period from 13 Feb’17 to 2 Mar’17. Left: Spectrum of the,
from top to bottom, X, Y and Z components of the magnetic field from the four LPF magnetometers and from the ACE magnetometer.

Dashed lines correspond to the contribution to LPF magnetometers coming from interplanetary magnetic field and electronics. Right:

Spectrum of the gradient of the magnetic field along the X-axis (uppermost panel) and Y-axis (middle panel) on-board LPF. The dashed
lines correspond to the contribution coming from electronics to LPF magnetometers. The bottom panel corresponds to the coherence

function between the three axes magnetic field as measured in independent magnetometers on-board the satellite.

MNRAS 000, 1–16 (2020)



8 Armano et al.

ferent noise plateau. In the different panels of Figure 3 we
show some fits to the data (the small dots). We will de-
scribe them in detail in section 3.3, where we will show how
changes in some parameters of the interplanetary media af-
fect the spectrum of the magnetic field.

As we described in Sec. 2.2, not only the gradient of
the magnetic field but also the fluctuations of this gradient
can contribute as a force exerted on the test mass. Thus, we
took advantage of the configuration of the magnetometers
on-board to estimate the magnetic field gradient from the
difference between magnetic field measurements on opposing
sides of the LTP. Opposing magnetometers are separated by
0.65 cm in the PX-MX case, and 0.54 cm in the PY-MY
case. Check bottom panel of Figure 1 for a clear view of the
setup. All magnetometers in the spacecraft are placed in the
same X-Y plane and, therefore, no estimates of the Z gradi-
ents were possible. In the right top and right middle panels
of Figure 3 we show the amplitude spectral density of the
fluctuations of the magnetic field gradient across the X and
Y axis, respectively, of LISA Pathfinder for the three com-
ponents of the magnetic field. The spectra of the magnetic
field gradient are flat at 20 nT m−1Hz−1/2 down to about 0.1
mHz, to even smaller frequencies than in the case of the
magnetic field fluctuations. In this case, the noise measured
seems to be in accordance with our electronics noise (see
Section 3.2.3 for more details), and thus, we are limited by
our instrument to measure any fluctuation smaller than this
value. It should be reminded than this value is not likely to
be representative of the magnetic field gradient at the test
mass position, since any local source of magnetic field close
to the test mass could be a potential source of magnetic
field gradient that would not be measured by our pair of
magnetometers if they are too far away from the mentioned
source.

Although we have previously described the smooth
shape of the magnetic field spectra, there are also some spec-
tra lines appearing in the panels in Figure 3. In some of them
a line at 3.3 mHz appears in the PY magnetometer channels,
with its corresponding harmonic at 10 mHz. Moreover, the
signal appears to be stronger in the X component of the mag-
netic field. We can not confirm the physical origin of these
lines. However, since it is clearly visible in the magnetic field
gradient across the Y-axis, this points out to a local origin
and excludes any source coming from the interplanetary me-
dia, which would be sensed equally by all our magnetome-
ters. The distribution of the units and the magnetometers
on-board points towards the On-Board Computer (OBC) as
the probable source of this magnetic field tone.

3.2.2 Fluctuations in the sub-millihertz: interplanetary
magnetic field contribution

The interplanetary magnetic field measured by our magne-
tometers is imprinted on the solar wind plasma that sur-
rounds the spacecraft and travels through the interplane-
tary media. Plasma fluctuations in interplanetary space have
been successfully described in the framework of the classical
Kolmogorov turbulence (Kolmogorov 1941). In this frame-
work, energy injected into the interplanetary plasma at large
scales is transferred by non-linear interactions to microscales
where it is finally dissipated, thus heating the plasma. The
low-frequency part of the magnetic field and plasma-velocity

power spectra often exhibits a clear f −1 scaling, from DC
up to frequencies of about 10−4 Hz in the fast Alfvénic
wind (Bruno et al. 2009), where the turbulent energy cas-
cade becomes active. It is worth noting that, contrary to the
fast solar wind, in the low-speed streams the injection range
may cover a smaller range of frequencies and sometimes not
to be present at all (Bruno et al. 2019). At frequencies higher
than 10−4 Hz but below the ionic break that occurs around
0.1–1 Hz, we find what we call the inertial range. In this
range, the solar wind is in a state of fully developed turbu-
lence, where the magnetic energy spectrum has a well de-
fined Kolmogorov f −5/3 spectrum (Bruno & Carbone 2013).
At frequencies higher than the ionic break the Kolmogorov
spectrum breaks down and the magnetic fluctuations dis-
play a steeper f −7/3 power-law spectrum, up to frequen-
cies of about 100 Hz (Sahraoui et al. 2009), where dissipa-
tion processes at proton scales take place. At even higher
frequencies sometimes the spectrum steepens even more,
roughly described by a further power law (Sahraoui et al.
2009) with a scaling exponent between f −3.5 and f −5.5, or
perhaps by an exponential decay (Alexandrova et al. 2012).
Since these scales suffer for a lack of spacecraft measure-
ments, a clear indication cannot be provided. This region of
frequencies has been indicated as a range where collisionless
dissipative mechanisms are efficiently at work at electron
scales (Sahraoui et al. 2009) & (Alexandrova et al. 2012)
& (Goldstein et al. 2015).

In order to check our measurements with previous char-
acterisation of the solar wind, in the left panels of Figure 3
we compare the amplitude spectral density of magnetic field
fluctuations obtained during a LISA Pathfinder noise run
to a set of data obtained from the Advanced Compton Ex-
plorer (ACE) (Smith et al. 1998) in the same period of time.
The ACE mission monitors different parameters of the solar
wind by means of a suite of instruments on-board and, as
LISA Pathfinder, follows a Lissajous orbit around L1. It is
therefore a useful dataset with which to compare our mea-
surements. ACE data is shown in Geocentric Solar Ecliptic
Coordinates (GSE) system, which has its X-axis pointing
from Earth towards the Sun and its Y-axis is chosen to be
in the ecliptic plane pointing towards dusk. It is worth men-
tioning that even though both satellites are orbiting around
L1, the distance separating them can be of the order of 105–
106 kilometers. However, we can safely compare the fluctu-
ations of the magnetic field between both satellites at fre-
quencies around the 20–50 µHz, which is the band in which
we will focus our analysis. As we will discuss in more detail,
the typical velocity of around 200–500 km s−1 of the solar
wind guarantees that fluctuations in this frequency range
have a coherence length greater than the distance between
both spacecraft.

Our results show that, for frequencies below 3 mHz, the
amplitude of fluctuations measured in LISA Pathfinder are
in agreement with those measured by ACE during the same
period of time. The spectral index obtained by both instru-
ments is in agreement with previous characterisations of the
spectra of interplanetary magnetic field fluctuations corre-
sponding to the inertial range, as we will see in detail in
section 3.3. From our analysis we confirm that whilst the
absolute value of the magnetic field on-board is dominated
by the units inside the spacecraft, the fluctuations of the
magnetic field are instead dominated by the fluctuations of
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the interplanetary magnetic field. At the same time, this
corroborates the results obtained in the bottom right panel
of Figure 3. Since all magnetometers are measuring the in-
terplanetary contribution, fluctuations of the magnetic field
are completely correlated in the low frequency range for
those channels measuring the magnetic field in a given di-
rection. This correlation decays if we compare measurements
of the magnetic field in transverse directions. As expected,
the correlation between fluctuations of the magnetic field
disappears for frequencies above 3 mHz. As we show in the
following, this frequency range is dominated by electronic
noise, i.e. with no common correlation between channels.

3.2.3 Fluctuations above the millihertz: fluxgate read-out
electronics

In section 2.2 we provided a description of the read-out
chain of the magnetometers. The noise analysis for this chain
shows that the amplifier and the analog-to-digital converter
which will limit the performance of our sensor at low and
high frequencies, respectively. If we take into account the
different components in the read-out chain and the noise
figures in the data sheet values, we obtain the contribu-
tion shown in the different panels of Figure 3. On the one
hand, in the low-frequency region, the noise follows a f −1

spectrum produced by the instrumentation amplifier. On
the other hand, in the high-frequecy region, the spectrum
is flat due to the analog-to-digital converter which sets a

limit of S1/2
ADC

' 2 nT Hz−1/2 at the high frequency band. In
the left panels of Figure 3 we show, for the three different
axes, the noise floor measured by the four magnetometers
on-board during the period. On-board magnetometers mea-
sured a noise level above 3 mHz that differs for each mag-
netometer in a range that goes from 7 nT Hz−1/2 in the PY
magnetometer to 11 nT Hz−1/2 in the MY magnetometer, all
of them above the expected 2 nT Hz−1/2. Considering that the
amplitude of the interplanetary fluctuations decay as f −1.65

and taking into account that the observed noise is not cor-
related between the four magnetometers –see bottom right
panel of Figure 3, we conclude that the read-out electronics
must be the source of this excess noise. We have investigated
this by focusing on the electronics design of the magnetome-
ter read-out. Our analysis shows that this noise contribu-
tion could be assigned to a common-mode noise at the in-
put of the instrumentation amplifier which can be originated
due to the lack of common ground between magnetometer
and electronics read-out. We have experimentally tested this
hypothesis by means of an engineering model of the LISA
Pathfinder Data Management Unit (DMU) (Canizares et al.
2011) which included the Data Acquisition Unit (DAU) unit
together with a flight model fluxgate magnetometer. With
this setup we have verified that the measured noise plateau
can vary from the design 2 nT Hz−1/2 if both units are not
commonly grounded. Hence, we conclude that the observed
excess noise above 3 mHz could be assigned to this issue.
Although it is not possible to assess the exact contribution
to the noise budget due to this effect, a worst case estimate
sets a value of 90 mV Hz−1/2 for the required fluctuations at
the input of the instrumentation amplifier in order to ex-
plain the excess observed by our magnetometers. This value
is relatively high compared to our read-out voltage noise.

Since it is not possible to measure the common-mode noise
at the spacecraft, we are only establishing an upper bound
without discarding other possible contributions to the excess
noise in the high-frequency band. It is important to stress
here that the main objective of the magnetometers on-board
LISA Pathfinder was to track slowly varying magnetic fields
that are the ones that can have an impact in the dynamics
of the free falling test mass. Hence, an excess noise in the
high frequency range, though unexpected, does not have an
impact on the scientific objectives of the magnetic diagnostic
subsystem, but if needed, it could be corrected for a future
space-based gravitational wave mission.

3.3 Non-stationarities in the magnetic field
fluctuations

Until now we have based our analysis on the amplitude
spectral density, which entails the information of the mag-
netic field in the frequency span of interest. The ampli-
tude spectral density effectively describes the fluctuations
during a fixed period of time. Hence, it would only be a
complete statistical description if the environment on-board
LISA Pathfinder were stationary. This is obviously not the
case. On the contrary, several situations can induce abrupt
changes in the measured magnetic field. In Table 2 we pro-
vided a series of events that we identified in the magnetic
field timeline. Since these were associated to satellite oper-
ations these events are both easily identified and, eventu-
ally, removed from the dataset through post-processing. A
second, more complex, class of non-stationarity is the one
associated to the interplanetary magnetic field. In section
3.2.2 we described the origin of the spectral index of the ob-
served magnetic field fluctuations in the low frequency range
and its relation with the solar wind speed. A rich variety of
interplanetary structures is superposed to the unperturbed
solar wind plasma (Kilpua et al. 2017) & (Richardson 2018).
Structures such as corotating interaction regions, interplan-
etary shocks, magnetic clouds or heliospheric current sheet
crossings will induce variations in the measured magnetic
field on-board the spacecraft.

Since our DC magnetic field is completely dominated by
the spacecraft components: around ∼ 1µT, compared with
the ∼ 1nT coming from the interplanetary media, we can not
measure the absolute value of the interplanetary magnetic
field in these cases. Nevertheless, if the variations are strong
enough (of the order of ∼ 10nT, for example) and especially
if we see them in all four magnetometers, we could indeed
assign an interplanetary origin to them. Accurate detection
of the magnetic imprint of these events requires the magne-
tometers to be isolated from spacecraft contributions. This
is the case for dedicated space weather mission which place
the magnetometers at the end of a deployable boom, such
as in the case of ACE (Smith et al. 1998) or WIND (Lep-
ping et al. 1995) missions. Moreover, these missions contain
a suite of instruments that allow a complete characterisa-
tion of the plasma, tracking parameters such as the solar
wind speed or the number density of the plasma that we
will refer in the following. Nonetheless, it is worth noticing
that, although not designed for that, the radiation moni-
tor on-board LISA Pathfinder (Canizares et al. 2011; Ar-
mano et al. 2018a) allowed for the detection of the passage
of large scale interplanetary structures such as high-speed
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Figure 4. Time evolution and statistical distribution of the X-component of the magnetic field fluctuations as measured on-board, for

two different frequency regimes. Colours correspond to magnetometers: PX (blue), MX (red), PY (yellow) and MY (green). Time is

indicated in days after launch (DAL), while ASD stands for Amplitude Spectral Density (ASD). Top: Fluctuations in the frequency
range 20 < f < 50 µHz. Bottom: Fluctuations in the frequency range 20 < f < 40 mHz.

solar wind streams and interplanetary counterparts of coro-
nal mass ejections generating recurrent and non recurrent
depressions of the galactic cosmic-ray flux (Armano et al.
2018c, 2019c).

As we have previously discussed, in LISA Pathfinder the
effect of the interplanetary magnetic field structures can not
be easily distinguished in the absolute value of the measured
magnetic field because the local magnetic field is largely
dominated by the contribution of the spacecraft units. How-
ever, as we show in the following, the effect of these struc-
tures can have an impact in the spectra of fluctuations in
the low frequency band, i.e. below the Hz.

In order to trace the variability of the spectrum we took
a closer look at the amplitude of the spectra in two differ-
ent frequency regions, namely 20 µHz < fLF < 50 µHz and
20 mHz < fHF < 40 mHz. We selected these two frequency
regions because, as discussed above, magnetic field fluctua-
tions come from a different physical origin, i.e. interplane-
tary magnetic field and magnetometer read-out electronics,
respectively. For each of these frequency windows we com-
pute the power spectral density. We selected windows of 16
hours to compute each bin. In order to avoid segments con-
taining magnetic experiments or events as the ones reported

in Tables 2 & 1, we apply a mask to the data. To do so we
take as a figure of merit the amplitude spectral density in
the range 1 mHz < f < 10 mHz. Those segments where this
figure of merit is exceed by five sigma are discarded from our
analysis. Following this criterion, we exclude 9 segments out
of 300 This analysis allows a generic description of the sta-
tistical behaviour of the fluctuations without any previous
assumption on its stationarity. Figure 4 shows the results for
both frequency ranges. In agreement with our previous anal-
ysis, the amplitude of the fluctuations for the low-frequency
bin is coherent and follows the same statistical distribution
for all four magnetometers. Bins are statistically distributed
with similar median values, namely

S̃1/2
Bz,PY

���
fLF

= 177+80
−53 nT Hz−1/2,

S̃1/2
Bz,MY

���
fLF

= 182+81
−60 nT Hz−1/2,

S̃1/2
Bz,PX

���
fLF

= 191+101
−62 nT Hz−1/2,

S̃1/2
Bz,MX

���
fLF

= 189+102
−64 nT Hz−1/2.

These values are based on the 16th, 50th and 84th per-
centiles of the histogram. Also, in this case we can derive
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Figure 5. Amplitude spectral density of the X-component of the

magnetic field for 3 periods of different solar wind speed. The
data to compute each spectrum has been obtained combining the

data from the four magnetometers. The values of the fits to the

data (dashed lines) are reported in Table 3.

a common mean value for the fluctuations in this frequency
range of 207 ± 6 nT Hz−1/2. On the other hand, the noise
power in the higher frequency bins show a different ampli-
tude spectral density for each magnetometer. The median
values in this case are:

S̃1/2
Bz,PY

���
fHF

= 7.4+0.8
−0.3 nT Hz−1/2,

S̃1/2
Bz,MY

���
fHF

= 12.3+2
−0.7 nT Hz−1/2,

S̃1/2
Bz,PX

���
fHF

= 10.6+2
−0.6 nT Hz−1/2,

S̃1/2
Bz,MX

���
fHF

= 9.0+0.8
−0.6 nT Hz−1/2.

In the latter we observe that the distribution of the me-
dian values are narrower and not overlapping between them.
Both behaviours are clearly distinguished in the histograms
of Fig. 4, which characterises the variability of the magnetic
field fluctuations on-board for the two frequency regimes
that we have previously identified.

In the framework of future gravitational-wave detectors
in space, the variability in the spectra of magnetic field fluc-
tuations is particularly relevant in the low frequency regime.
There are two main reasons for that: first, the mHz band is
the main objective of a gravitational-wave detector in space,
since these observatories are designed to study the gravita-
tional universe in this frequency band. Second, at the same
time, the low frequency fluctuations will be precisely the
main contribution to the magnetic induced force noise in the
free falling test masses. According to Armano et al. (2016),
magnetic induced forces could contribute to a maximum of
3 fm s−2 Hz−1/2 of the measured 12 fm s−2 Hz−1/2 at 0.1 mHz
of the differential acceleration measured on LISA Pathfinder
test masses. Although the precise determination of the mag-
netic noise contribution is still pending, the current estimate
is expected to be of the order of other contributions such
as the charging noise, with an expected contribution of 1

fm s−2 Hz−1/2 (?) or the actuation noise, which is expected
to be the dominant contribution with an expected value of
4.5 fm s−2 Hz−1/2 (Armano et al. 2016) at 0.1 mHz. For
that reason it is worth characterising further the variabil-
ity in this frequency regime to provide information for fu-
ture space-borne observatories. As we show in the following,
the fluctuations of the magnetic field in the sub-mHz band
are deeply connected to the dynamics of the interplanetary
plasma.

Fluctuations in the intensity of the interplanetary mag-
netic field can be associated with a wide variety of phenom-
ena (Bruno & Carbone 2013). However, particularly in the
inertial range, the amplitude of the magnetic fluctuations
is strictly related to the their Alfvénic nature. The solar
wind is highly structured in high and low-speed streams,
which carry different types of fluctuations. While fast wind
is characterised by large-amplitude Alfvénic fluctuations, the
slow wind generally advects less Alfvénic fluctuations char-
acterised by a smaller amplitude –with the important ex-
ception of the Alfvénic slow wind, see D’Amicis & Bruno
(2015). This means that, moving from high- to low-speed
regions, the power level of the magnetic fluctuations within
the inertial range progressively decreases, though keeping
the typical f −5/3 Kolmogorov scaling. As a matter of fact,
solar wind turbulence may be thought as superposition of a
magnetic field background spectrum, common to both fast
and slow flows (Bruno et al. 2017), and a turbulent large-
amplitude Alfvénic spectrum, characteristic of the fast solar
wind.

In order to study the impact of the solar wind speed in
our measurements, we selected three segments representing
stable periods of solar wind speed. These periods had to be
long enough to allow an estimate of amplitude spectral den-
sity down to 20 µHz. The selected time spans correspond to
Jul. 7th-14th 2016, May 28th- Jun. 1st 2017 and Feb. 11th-
16th 2017 when, according to measurements recorded by
ACE, the solar wind had a mean velocity of 553± 47 km s−1,
390 ± 53 km s−1 and 335 ± 35 km s−1, respectively. For each
of these segments we evaluated the amplitude spectral den-
sity of the magnetic field as measured by LISA Pathfinder
magnetometers. Although other authors have already stud-
ied this phenomena (Bruno et al. 2017), we extended the
characterisation to the sub-mHz regime, which is the region
of greatest interest for LISA and future gravitational-wave
detectors.

Results are shown in Figure 5, where we can distin-
guish an increase in the power of the low-frequency fluc-
tuations that correlates with the increase of solar wind ve-
locity. Indeed, we observe that fluctuations at 20 µHz vary
from 170+30

−10 nT Hz−1/2 for a slow wind situation (typical

velocities v ' 300 km s−1) to 750+100
−50 nT Hz−1/2 when we

consider a situation of high-speed wind (typical velocities
v ' 500 km s−1). These two scenarios represent a deviation
of 18% and 362%, respectively, with respect to the mean
value that we have previously derived for the complete time
series, 207 ± 6 nT Hz−1/2. Although other phenomena may
also contribute to the variability of the sub-mHz fluctuations
of the spectra, we consider this correlation with the solar
wind as one of the physical mechanisms behind the statisti-
cal distribution of the fluctuations in the sub-mHz band that
we obtained in Fig. 4. It is thus a dependence that future
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space-borne gravitational-wave detectors will need to take
into account, since as we mentioned in section 2.1, the cou-
pling of the magnetic field fluctuations with the magnetic
moment of the test masses could produce spurious forces
that a gravitational-wave detector would sense as a change
in the acceleration noise, and therefore, possibly mistaking
it as a gravitational-wave signal .

In Table 3 we characterise the variation of the shape
of the magnetic field fluctuations in terms of the solar wind
speed. We fitted the spectra of the magnetic field fluctua-
tions to two power laws, one between 20–100 µHz and an-
other one from 100 µHz to 10 mHz. We have made this differ-
entiation because, as previously explained, different mecha-
nisms act at different time scales, resulting in different spec-
tral indexes for these power laws. The fits were performed
by means of a chi-squared minimization, non-linear fit using
derivative-free method. For the sake of completeness, in Ta-
ble 3 we also show the results of the analysis for the Y and
Z axis, which are not shown in the figure.

It is interesting to notice that, according to our
parametrisation, the main impact of the wind speed is in the
parameter B which accounts for the power of the fluctuations
in the frequency band described by the power law. The val-
ues for the spectral index C are around 1.5, smaller than the
value expected, which is 1.65, for the inertial range of inter-
planetary magnetic field fluctuations. This small difference
may come from the fact that in the LPF case, the read-out
noise of the magnetometers starts to flatten the spectrum
around 1 mHz, and this may result in a slightly less steep
curve when we perform the fit. Moreover, the inertial range
of interplanetary magnetic field fluctuations starts between
0.1–1 mHz, while the magnetometers read-out noise starts to
be dominant around 1 mHz. Therefore, we can not see a large
and clear portion of the inertial range part of the interplan-
etary magnetic field spectrum. With regard to the param-
eter A, the comparison between the different wind velocity
regimes do not show any significant variation, as we expected
given that this parameter describes the noise floor of the in-
strument, which is dominated by the electronics read-out
contribution. When we analyze the parameters correspond-
ing to the lower frequency part, we find that the spectral
index E values are around 1, which are in good agreement
with the f −1 behaviour of the interplanetary magnetic field
fluctuations at this frequency range – even though the er-
rors are high because we do not have many points for the
fit. Finally, the values obtained for the parameter D are not
very well fitted, probably because of the small amount of
data points available in this frequency range.

To finalise the study of the non-stationarity of the mag-
netic field fluctuations, we took a closer look at the impact of
this contribution during the noise performance runs. Analo-
gously as it is done with on-ground gravitational-wave detec-
tors during science runs, in LISA Pathfinder these runs were
periods where the instrument was configured in its more sen-
sitive configuration and kept in data acquisition mode with-
out introducing any calibration signal. For LISA Pathfinder,
these noise performance runs took typically 5 to 10 days al-
though it is worth stressing that future space-borne gravi-
tational wave detectors, such as LISA, aim to spend weeks
or months in this scientific acquisition mode.

In Figure 6 we analysed the non-stationarities of the
low-frequency part of the magnetic field spectrum during the

Table 3. Values of the fits of the dashed lines shown in Fig. 5 to
a function A + B 2π f −C in the range between 100 µHz − 10 mHz
and to a function D 2π f −E in the range between 20 µHz−100 µHz.

Solar wind speed [km/s]

Parameter 553 ± 47 390 ± 53 335 ± 35

Bx

A (10−16 × [T2/Hz]) 1.02 ± 0.03 0.90 ± 0.02 0.91 ± 0.02
B (10−19 × [T2/Hz]) 3.8 ± 0.6 1.8 ± 0.4 0.6 ± 0.2
C [ ] 1.53 ± 0.03 1.42 ± 0.04 1.41 ± 0.06
D (10−17 × [T2/Hz]) 4 ± 10 1 ± 30 0.1 ± 0.4
E [ ] 1.1 ± 0.3 1.0 ± 0.5 1.0 ± 0.4

By

A (10−16 × [T2/Hz]) 1.11 ± 0.03 0.86 ± 0.02 0.94 ± 0.02
B (10−19 × [T2/Hz]) 2.8 ± 0.4 1.9 ± 0.6 0.3 ± 0.1
C [ ] 1.58 ± 0.03 1.34 ± 0.06 1.53 ± 0.07
D (10−17 × [T2/Hz]) 6 ± 20 0.001 ± 0.006 2 ± 10
E [ ] 1.0 ± 0.3 1.7 ± 0.4 0.8 ± 0.5

Bz

A (10−16 × [T2/Hz]) 1.09 ± 0.02 0.91 ± 0.02 0.96 ± 0.01
B (10−19 × [T2/Hz]) 1.2 ± 0.2 1.0 ± 0.3 0.22 ± 0.08
C [ ] 1.62 ± 0.03 1.46 ± 0.05 1.60 ± 0.06
D (10−17 × [T2/Hz]) 0.3 ± 0.9 10 ± 20 0.000 ± 0.001
E [ ] 1.3 ± 0.3 0.6 ± 0.1 1.8 ± 0.4

two LISA Pathfinder noise runs that were published in Ar-
mano et al. (2016) (April 2016 noise run) and Armano et al.
(2018b) (February 2017 noise run). Following the same ap-
proach as we have previously shown, we computed the ampli-
tude spectral density of the magnetic field in the frequency
span that goes from 20–50 µHz. In the top panels of Figure
6 we show the evolution of this value over the duration of
each LPF noise run for LPF and ACE satellites. We compare
this with the evolution of the time series of the magnetic field
itself Bx component in Global Solar Ecliptic (GSE) coordi-
nates (second panel) for ACE. In the same panel, we also
show the magnetic field Bz component as measured in LISA
Pathfinder during the same period. The reason to compare
LPF’s Bz in LPF reference frame with ACE’s Bx in GSE
coordinates is that LPF’s Z-axis points always towards the
solar panel, which is always pointing towards the Sun. Thus,
LPF positive Z-axis is roughly equivalent to positive X-axis
in GSE coordinates. To do this comparison, LISA Pathfinder
data has been low-pass filtered at 1 mHz in order remove
the higher frequency noise coming from electronics and the
mean substracted in order to exclude the DC magnetic field
coming from the spacecraft components. As we previously
showed when analysing the components in the spectra, the
main features of the long term evolution are driven by the
interplanetary component. As we saw, the phenomena asso-
ciated with the solar wind requires several parameters that
detail the characteristics of the interplanetary plasma. In
order to provide a comprehensive view of this phenomena
during these two particular noise runs we show as well the
solar wind speed (third panel) and the proton density (fourth
panel), as measured by ACE.

The results show that, during the February 2017 noise
run, there are roughly three clear increases in the ASD of the
low frequency bin of the magnetic field. These three peaks
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Figure 6. Top: Evolution during April 2016 noise run in LISA

Pathfinder (dates indicated in figure) from (top to bottom): -
Upper Top: Noise power in the 20–50 µHz frequency bin for

an average of the three components of LPF PY magnetometer

(red) and ACE magnetometer (blue). The events listed are taken
from Armano et al. (2019c) and noted in the text. -Middle top:

Magnetic field Bx component in GSE coordinates measured by

ACE (blue), and LPF PY magnetometer Bz component (red)
with a lowpass at 1 mHz and with its mean value substracted.

-Middle bottom: Solar wind velocity in GSE coordinates as mea-

sured by ACE. -Lower bottom: Proton density measured by ACE.
Bottom: Same as top figure but for the February 2017 noise run

performed in LISA Pathfinder (dates indicated in figure.)

seem to be caused by high-speed streams in the solar wind
speed, i.e, sudden increases in the solar wind speed, a type
of event that also carries a decrease in the proton density,
as we can also clearly observe in the lowest panel. Regard-
ing the April 2016 noise run, we can see another high-speed
stream around April 13th that causes another small peak in
the ASD of the low frequency bin of the magnetic field, as-
sociated with the corresponding decrease in proton density.
Apart from that, there are two events that cause another in-
crease in the time-series of the first panel. According to Ar-
mano et al. (2019c), these events would be associated to a
Heliospheric current Sheet Crossing (HCSC) and a Magnetic
Barrier (MB). We refer the reader to the aforementioned ref-
erence for more details on these events.

4 CONCLUSIONS

In this work we provide for the first time a description of
the magnetic field on-board a gravitational-wave detector
technology demonstrator in space. Our characterisation is
tailored to address challenges created by the magnetic field
that space-borne gravitational-wave observatories will face
when they become operative.

LISA Pathfinder included four magnetometers as part
of its magnetic diagnostic subsystem. They were placed in-
side the thermal shield surrounding the optical bench and
the vacuum chambers containing the test masses. Due to
the magnetic content of the fluxgate core, the magnetome-
ters had to be placed far enough from the test masses to
prevent this active magnetic core to induce magnetic foces
on the free-falling test masses. The major drawback of this
configuration is the lack of resolution to measure the mag-
netic field or the magnetic field gradient at the location of
the test masses.

The DC magnetic field measured on-board is completely
dominated by the contribution from the electronics of the
spacecraft units. Among them, the thruster systems were
a major contributor, both the cold gas high pressure latch
valves (the ones used by ESA) and the colloidal thrusters
(the ones operated by NASA). Cold gas thrusters or, more
precisely, some permanent magnets in the cold gas thruster
subsystem, contribute with roughly the 80% of the measured
magnetic field. Although a strong contribution, this one re-
mains constant throughout the mission – partially thanks to
the high thermal stability reached on-board (Armano et al.
2019b) – which is key for a mission as LISA with strong re-
quirements on any potential source of fluctuations. This is
not the case for the colloidal thrusters, where we observed
a persistent slow drift of around 150 nT for the measure-
ment of two magnetometers close to the test masses. This
150 nT drift took place over around 150 days, which corre-
sponds to the first period of DRS operations – see Fig. 2 to
check the different periods. We attribute this effect to the
displacement of a stainless steel bellow inside the thruster
that keeps the propellant at a constant pressure. Although
not a desirable effect for future gravitational wave detectors
in space, this slow change in the local magnetic field should
not be present in future missions, since it could impact the
main measurement of a mission like LISA.

We took special care on the analysis of the fluctua-
tions of the magnetic field on-board since these are a key
component of the test mass force noise apportioning. We
report how, on the one hand, the fluctuations of the mag-
netic field on-board are dominated at frequencies above the
mHz by the contribution of the read-out electronics. In this
frequency regime we identified and characterised an excess
noise when compared to the design curve of our electronics.
Although unexpected, this does not represent a major prob-
lem since the frequencies in which the magnetic noise may
have an important impact are below the mHz. On the other
hand, below the mHz, the fluctuations are dominated by the
contribution from the interplanetary magnetic field. Several
indications point toward an interplanetary origin of the low-
frequency fluctuations of the magnetic field. First, all magne-
tometers show coherent fluctuations in this frequency regime
and, second, the densities of the magnetic field components
measured by our four magnetometers match those measured
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by dedicated space weather missions ACE and WIND, which
are also orbiting around L1.

Finally, we evaluated the non-stationary component af-
fecting the very low-frequency regime of the magnetic field
fluctuations. Due to its dependence with the solar wind,
the low-frequency fluctuations show a large variability as-
sociated with changes in the interplanetary plasma. We
tracked the amplitude spectral density in the low end of
the LISA measuring band, i.e. at 20µHz, during the whole
duration of the mission. In this frequency regime, the mag-
netic field fluctuation on-board has a typical mean value of
207±6 nT Hz−1/2, although it shows an important variability
with a wide statistical distribution of its values. Following
previous studies, we show how this variability is tightly asso-
ciated with a variety of phenomena associated with the dy-
namics of the interplanetary plasma. We have described and
characterised how quantities describing the solar wind, as for
example the plasma velocity, can be used to parametrise the
variability of the low-frequency fluctuations. In the case of
the solar wind velocity, we saw how variations in the range
of 300 − 500 km s−1 are related to variations in the am-
plitude spectral density in the range 20 − 50µHz of around
170−750 nT Hz−1/2. We want to stress that the variability of
the spectra in this low frequency regime is particularly rele-
vant for LISA since these are frequencies in the measurement
band of LISA and, also, where the magnetic fluctuations are
important to the noise budget, as they are proportional to
induced force noise in the test mass. Hence, variabilities of
the order of 300% in the spectra of magnetic field fluctu-
ations (as the ones reported here) have to be taken into
account in the design phase in order to prevent that this
non-stationary behaviour impacts the performance of the
future observatory.

Having an instrument performance curve which is in-
dependent of the changes of the environment has been, his-
torically, one of the main efforts of the gravitational wave
community. By using the data of a pioneer mission (as LISA
Pathfinder was) we expect to contribute to this decade long
effort but now putting the focus on the interplanetary en-
vironment. We consider that our description and analysis
on the magnetic field on-board and its associated potential
sources of fluctuations will help the design of future long-
term gravitational-wave observatories in space, like LISA
will be.
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APPENDIX A: MAGNETIC FIELD ABSOLUTE
VALUES

As previously described in the text, the mean values of
the magnetic field measured onboard were mostly constant
through operations. It was only due to some configuration
changes in the satellite or due to induced magnetic fields
during in-flight experiments that we did observe variations
in the mean value of the magnetic field. In order to provide
a more quantitative description, we summarise in Table A1
the mean values of the three components of the magnetic
field measured onboard for the four magnetometers. We
repeated the same analysis for the four different phases that
we already distinguished during our analysis, i.e. LTP and
DRS nominal and extended operations. For each segment
we also provide an estimate of the gradient of the magnetic
field across each couple of magnetometers in the X and Y
direction. The dates for each subset were selected trying to
maximize the amount of data for that segment and trying
to avoid any major changes (no experiments, glitches, etc).
LTP nominal goes from March 01 2016 to April 27 2016.
LTP extended goes from December 07 2016 to January 13
2017 and from January 15 2017 to March 14 2017. The 2
days gap is to get rid of the short DRS period in between.
DRS nominal goes from June 27 2016 to December 7 2016.
DRS extended goes from March 19 2017 to April 28 2017.
Errors are computed as σ/

√
N.
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Table A1. Mean values of the DC magnetic field for different spacecraft configura-

tions.

Magnetometer LTP Nominal LTP Extended

(Bx, By, Bz ) [nT] | ®B | [nT] (Bx, By, Bz ) [nT] | ®B | [nT]

PX (866.880 ± 0.005, −908.001 ± 0.005, 82.053 ± 0.005) 1258.046 ± 0.009 (736.202 ± 0.006, −896.577 ± 0.005, 100.497 ± 0.006) 1164.450 ± 0.010
MX (816.303 ± 0.005, −457.364 ± 0.006, 91.730 ± 0.005) 940.184 ± 0.009 (696.128 ± 0.005, −428.666 ± 0.005, 94.944 ± 0.006) 823.021 ± 0.009
PY (−111.894 ± 0.005, 585.993 ± 0.005, 384.374 ± 0.005) 709.684 ± 0.009 (−131.575 ± 0.005, 582.902 ± 0.005, 394.238 ± 0.005) 715.898 ± 0.009
MY (−86.583 ± 0.006, 1023.586 ± 0.006, 527.776 ± 0.005) 1154.890 ± 0.010 (−109.538 ± 0.006, 1006.245 ± 0.006, 541.992 ± 0.006) 1148.165 ± 0.010

(∂xBx, ∂xBy, ∂xBz ) [nT/m] |∂x ®B | [nT/m] (∂xBx, ∂xBy, ∂xBz ) [nT/M] |∂x ®B | [nT/m]

PX- MX (62.717 ± 0.006, −611.033 ± 0.007, −12.544 ± 0.005) 614.371 ± 0.010 (49.694 ± 0.006, −634.456 ± 0.006, 7.024 ± 0.006) 636.438 ± 0.010

(∂yBx, ∂yBy, ∂yBz ) [nT/m] |∂y ®B | [nT/m] (∂yBx, ∂yBy, ∂yBz ) [nT/M] |∂y ®B | [nT/m]

PY- MY (−34.318 ± 0.006, −542.507 ± 0.005, −185.989 ± 0.005) 574.529 ± 0.009 (−29.880 ± 0.006, −524.843 ± 0.006, −191.632 ± 0.006) 559.532 ± 0.010

Magnetometer DRS Nominal DRS Extended

(Bx, By, Bz ) [nT] | ®B | [nT] (Bx, By, Bz ) [nT] | ®B | [nT]

PX 833.375 ± 0.026, −901.685 ± 0.004, 60.990 ± 0.005) 1229.337 ± 0.026 (762.165 ± 0.011, −886.156 ± 0.007, 79.828 ± 0.009) 1171.555 ± 0.016
MX (710.415 ± 0.024, −437.246 ± 0.006, 87.603 ± 0.003) 838.778 ± 0.025 (634.580 ± 0.010, −421.112 ± 0.005, 94.165 ± 0.006) 767.394 ± 0.013
PY (−124.643 ± 0.005, 581.454 ± 0.003, 390.371 ± 0.003) 711.347 ± 0.007 (−118.939 ± 0.005, 583.369 ± 0.005, 391.387 ± 0.006) 712.495 ± 0.009
MY (−102.913 ± 0.006, 1064.324 ± 0.006, 531.317 ± 0.004) 1194.016 ± 0.008 (−102.051 ± 0.008, 1052.539 ± 0.011, 551.385 ± 0.008) 1192.593 ± 0.016

(∂xBx, ∂xBy, ∂xBz ) [nT/m] |∂x ®B | [nT/m] (∂xBx, ∂xBy, ∂xBz ) [nT/m] |∂x ®B | [nT/m]

PX- MX (151.504 ± 0.011, −627.590 ± 0.018, −34.241 ± 0.007) 646.5250 ± 0.022 (158.210 ± 0.015, −630.569 ± 0.006, −18.599 ± 0.008) 650.380 ± 0.018

(∂yBx, ∂yBy, ∂yBz ) [nT/m] |∂y ®B | [nT/m] (∂yBx, ∂yBy, ∂yBz ) [nT/m] |∂y ®B | [nT/m]

PY- MY (−29.619 ± 0.005, −596.135 ± 0.020, −182.260 ± 0.006) 624.078 ± 0.021 (−22.898 ± 0.010, −581.655 ± 0.013, −207.513 ± 0.006) 617.987 ± 0.017

This paper has been typeset from a TEX/LATEX file prepared by
the author.
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