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= there are other gravitating constituents that we cannot see
(Dark Matter, Dark Energy)

= our laws of Gravity are incomplete and require
modifications

These possibilities are not mutually exclusive



= Le Verrier predicted Neptune from Uranus
orbital anomalies using Newtonian gravity
(1846) — Dark Matter was discovered!

= Attempts to explain anomalous precession
of Mercury with “Vulcan”, which was never
found — eventually explained through
General Relativity (1915)

e So we have already had precedents for both —
Dark Matter and Modified Gravity!
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now — so far no unambiguous detection

* Problem with most proposed Gravity modifications: almost
by definition they predict significant deviations only outside
the Solar System — hard to test directly!

e It becomes increasingly hard to explore new parameter space —
we should grab every opportunity!
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e Are at least some of the proposed Gravity modifications
accessible to direct test?
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Modified Gravity — inspired by MOND

Purely phenomenological, non-relativistic formula with no
underlying relativistic theory

Extremely successful in describing many galactic rotation curves
without Dark Matter:

NGC 1560 u———

A-'/i
-
7

~ Newtonian Stars & Gas

—
2
\
g
—
S
)
-
- pu—)
O
O
p—
L
=
=
o
-r—d
——
[1e]
-
o
(a1

Radius (kpc)

Less successful on extragalactic scales

Bullet cluster still needs Dark Matter (but less)



o Systematic classification of such theories into three types
(Magueijo & Mozaffari 2012) :

= Type I: The total gravitational potential is sum of Newtonian

potential and new scalar field:
(Dgrav = (DN +¢

The new scalar field is solution of modified Poisson equation

({4
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e All these theories incorporate (different) free interpolating functions
describing the transition between MONDian and Newtonian regimes



Deviation from Newtonian v(gn/a0)-1
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e LISA Pathfinder is explicitly mentioned — but effects around

L1 too small for detection ‘

1532km
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o LPF demonstrates two key requirements

for gravitational wave detection:

Reduction of acceleration noise on
macroscopic Test Masses in Space
at ~ImHz

Positional read-out of Test Masses in
Space with sufficiently low
displacement noise at ~1mHz
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e Relative position of Test Masses read-

out by:

= Heterodyne laser interferometry on

sensitive axis
= Capacitive sensing on all axes

} :







e Solar radiation fluctuations around 1mHz are >0.2%/\Hz

e >2x10-""ms-2/vHz acceleration noise at 1mHz: 1000 x LISA
Pathfinder requirements... and 10000 x LISA requirements!












Net result: the Spacecraft “follows” the Test Mass



Magnetism

Self-gravity

Thermal Effects
Charging

Residual Gas Damping



e A suite of experiments has been
run during the mission to
investigate specific couplings
and noise sources
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LISA Pathfinder

Following its launch in Dec 2015, LISA Pathfinder made its way to
its final destination — a large halo orbit around L1

] Launch:
= Vega from French Guiana
= Launch mass: 1910 kg

After launch; —
— Elliptical orbst around Earth b’ — Large orbit around L1

~ Six apogee-raising manocuvres with the spacecraft's 7 = 1.5 million km from Earth
own peopulsion module (two weeks)
Propulsion module
will be jettisoned a month

» after the last burn

Geound station:

- Cebreros [Spain) 35 m-diameter antenna Bhicsibon ol o 13

after last burn: six weeks

Operations:
- Mission operations from ESOC
- Sdence operations from ESAC




Date
3 December 2015

11 January 2016
22 January

2 February

15/ 16 February
18 February

22 February

1 March

25 June

27 June

15 December 2016
31 May 2017

18 July

Milestone

Launch

LISA Technology Package Switch-on

Spacecraft / Propulsion Module Separation

Release of Test Mass Launch Lock & Venting Mechanism
Test Mass Release

Alignment of Laser Interferometer

First Entry into Science Mode

Start of Science Operations

End of LTP Operations

DRS Commissioning and Operations

End of Nominal Mission / Start of Extended Mission
End of Extended Mission

LISA Pathfinder Switch-off
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LISA Pathfinder worked “straight out of the box” t@
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e Testing Modified Gravity with LISA Pathfinder

e Future Prospects

e Summary and Discussion



in the mHz frequency band, orbiting L1

— Can we use LISA Pathfinder to look for MONDian effects?



= Calculate the anomalous MONDian gravity gradients that LPF
will experience, including temporal behaviour

= Confirm that the gravity gradiometer on-board LPF is
sensitive enough to detect the anomalous gradients

e ... without changes to LPF hardware or nominal mission!



SP Trade-off:

Sun-Earth SP Lunar SP
Characteristic Target Region =380km for most of the 50km; varies between
(“Bubble”) Size ime; down to about 330km [B0km and 80km with lunar
or short periods every hase
onth

“Launch Windows” from
nominal LPF orbit

any: SP motion limited and
herefore more “stable”
arget

o be synchronised with

wer: departure time needs
unar motion

Speed relative to Earth — Sun
system

< 1km/s for most of the
ime; > 0.1km/s only for
hort periods every month

llows the Moon on its orbit

ypically of order 1km/s as it
round Earth

External Newtonian gravity
gradients

4x101s2 along the Sun-
arth line

-2x10's2transverse

ax =1x10s2 depending on
unar phase

— Focus has been on Sun-Earth SP




= Venus: < 10km

= Milky Way: <10m

e Eccentricity of Earth orbit around Sun results in shifts of order
+4000km (annual modulation)

o Effects are well-known and predictable. True gravitational SP
can easily be pinpointed to <<1km (Galianni et al 2012: < 5m!).



= Calculate the anomalous MONDian gravity gradients that LPF
will experience, including temporal behaviour

= Confirm that the gravity gradiometer on-board LPF is
sensitive enough to detect the anomalous gradients



1.5mio km

Nominal Orbit
around L1

Kemble,
2007/8




= reasonable timescales for manoeuvres, including single thruster
failure

e Control parameters: dV magnitude and time

e Consider both Rockot and VEGA launch options
e Proof of principle only, prior to actual mission

e Figures of merit for trajectories:

= transfer time from L1 to SP
= SP fly-by distance



= trajectory “families”
= typical transfer times and SP flyby distances

(2) Double and multiple dV manoeuvres — minimising flyby distances
(3) Search for trajectories with more than one SP flyby

¢ In parallel, feasibility of spacecraft navigation has been investigated



Saddle point Saddle poin

348days, 2333km 512days, 130km




Rockot

Rockot

VEGA LGA

1635 LGA fast EEEE
One Total DV 0.3225 m/s 0.8673 m/s 0.2301 m/s -1.232 m/s
manoeuvre Flvb
strategy ryby 1635 km 396 km 2333 km 130 km
distance
DV1 0.3225 m/s 0.8673 m/s 0.2301 m/s -1.232 m/s
Two DV2 1.4 m/s 1.8 m/s 1.87 m/s 0.05 m/s
manoeuvres
strategy Total DV 1.7225m/s | 2.6673 m/s 21001 m/s | 1.282 m/s
Pkt 242 km 253 km 355 km 72 km
distance

SP flyby distance can be reduced to “zero”

e Additional manoeuvres (keeping total dV manageable) show:




Figure 7: Exaumple of an orbit considered as too stable - viewed in rotating reference frame,
grid is 1 million kin from centre to edge




e a: Launch, 24/2/2013. N
inclination = 57.6° |
perigee altitude: 322 km T\

/

e b: Libration orbit, 73 days after
launch
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e c: Exiting libration orbit, 258 days é
after launch. The spacecraft has 7 §
spent 185 days around L1.

N

e d: Reaching the SP for the first —~ 5°
time, 543 days after launch (285 days !
after escaping from L1).

2
¥
e e: Reaching the SP for the second il
time, 582 days after launch (39 days
after the first passage). e b

e Potentially violates “golden rule” (no effect on nominal LPF)




Time needed for the unitary manoeuvres -4.75 days
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= Ground contact with SC required every few days — affects operational
costs



suitability of these trajectories (eg impact on LPF launch window) still
to be confirmed

= The time to reach the SP (for the first time) will be between 1 and 1.5
years following departure from L1

= The knowledge of SP flyby distance will be dominated by spacecraft
tracking errors (ground station dependent but <10km)

e FULTT work (2016/17) confirmed that viable trajectories could have
been found



= For a flyby distance of 10km, the lowest gravitational acceleration
level experienced by LPF will be a, = 2x10"ms2

= Even if LPF flies through the SP exactly, it will spend, at most, =6s
in an environment with a, < 1x10-"ms=

This has pros and cons...



= Spacecraft self-gravity (< 10-8ms= ) was not expected to be an issue
at this level (but see later...)

= Demands on Navigation / SC tracking not too onerous (1-10km
adequate)



Pioneer

Mercury Earth Saturn  Neptune

b b
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e Equivalent to travelling out to between 25 and 250 AU!
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= Calculate the anomalous MONDian gravity gradients that LPF
will experience, including temporal behaviour

= Confirm that the gravity gradiometer on-board LPF is
sensitive enough to detect the anomalous gradients



Sun-Earth SP

P A
{_’5 .'_%%[ | Typical LPF
22N / 4*/ Trajectory
Lo

= LPF speed through SP region — 1.5km/s — is then used to convert
spatial into temporal gradient variations



1
[a ]
T

Gravity Gradient [g2]

50km

100km
0} 400km

1
0
T

-iboo 800 600 -400  -200 0 200 400 600 800 1000
Time [s]

= Signal duration 500 — 1000s = mHz (!)



-\ wtonian only

awtonian + TeVeS

Gravity Gradient [52]

_2? 1 1 1 1 1 1 1
-1000 -800 -BOO  -400 -200 0 200 400 600
Time [s]

e Newtonian background is predictable and can be subtracted to at least
10-158-2

1
800 1000



10~ 10° 10’

= Quasilinear MOND (QMOND), a type Il theory (Galianni et al 2011)



gravity, at levels <108ms-2, can safely be ignored

e But...

= In the true MOND “spirit”, the gravitational interaction between SC
and TMs should be maodified in low external fields (EFE)

= Internal gravity gradients (=10-7s?) are approximately 3-4 orders of
magnitude larger than external ones (=2-4x10-11s2)



il v(@)=v(@)—1 i

(0] (0]

v(@> is the inverse of the u-function.

(0]

~1/2
Weak field limit gy<<ay: v (@) ~ (@)

0] 0]

20))

Strong field limit g,>>ay: v (@) -1



47TGPPDM =—|Vv|— ‘9N +lv|—|—1 VZCI)N
(1 7)) ag
(o) ) omma
Dominated by local SC Non-zero only with
gradients Dominated by SC present

external field at
>10km from SP

= Expect significant impact of Spacecraft!



47G ppp, Distribution
TEVES-like transfer function

LIES
[~ 158

4nGpFDM Distribution

4Gppp Distribution
Linear transfer function

Quadratic transfer function

(4nGY| ppam | ()72
e

=

=3




Internal Balance
#.  Mass

Test Mass

-0.2

Optical
Bench

e Place Model near Sun-Earth SP & calculate PDM density around
mass distribution

T Distribution
417G pppyy Distribution L"tﬂGPPDM o functi 47Gpppyy Distribution
TEVES-like transfer function leagtiansioginetion Quadratic transfer function x 107
0.4 1.5
0.3
0.2 i
0.1
. 4 0.5
}EE}[__I‘E!:! 0 [}E’i \E
-0.1 0
-0.2
-0.5
-0.3
-0.4 -1
-0.4 -0.2 0 0.2 0.4

e Calculate non-Newtonian (PDM) TM acceleration / gradient



Gravity Grad

LPF SC LPF SC LPF sC
N
—— LPF
sC /\ [\ —___LPFSC /\ [\ LPF SC
3 S
o] (6]
2 z®
£ =
-1 & 4 5]
-4
-5
-5
-6
2 7
-400 -300 -200 -100 0 100 200 300 400 -400 -300 -200 -100 0 100 200 300 400 -400 -300 -200 -100 0 100 200 300 400
Distance relative to SP fly-by [km] Distance relative to SP fly-by [km] Distance relative to SP fly-by [km]

= Peak signal 2-6x103 times /arger than predicted by Galianni et al



= Calculate the anomalous MONDian gravity gradients that LPF
will experience, including temporal behaviour

= Confirm that the gravity gradiometer on-board LPF is
sensitive enough to detect the anomalous gradients



L L hd L A
) ) ' ' '
' '
- " " " ' '
L 4 w 1 L 1 L el ]
_— ' ) ' ' '
o= N ' ' ' ' '
aH ' ' ' ' '
' ' ' ' '
a m ' ) ' ' '
== | N '
L - 4
F — n r-r-rt
l{ £ = Lebad
0 ' 1 '
1 E = i \
..w — - +
' 1 ' '
= [l
{0 & P REE Y LRt
— m ' '
' )
B m m T T
i .
P — i | '
= :
L4 1 1 -l
e ' )
N A h
(U] [ '
> W [ '
o0 P :
1 ' '
- T e -a s - -
L4 _ _ [ 1 [ S
1 1 1
B =T T r-
» (R s ke w
1 ' )
B - . - e
LI I 1 ' '
ree ds=scs .
nnnnnnnnn Loloodaaaad Y S i p—
0 ) ' ' ) ' '
' 1 ' ' ) ' '
' 1 ' ' L) ' 1 ' '
v ey ———— ATTTAr ey ==m= =
) ) ' ' LU B B B ) ' '
' ) ' ' LU B B B ) ' '
) 1 ' ' LU B B B ' '
-l ebalacdacaaa JillJ.L.u.L
' 1 ' ' LU B B B 1 '
' 1 ' ' ' ' ) '
' ) ' ' ' ' ) '
' 1 ' ' ' ' ) '
' 1 ' ' ' ' 1 '
) 1 ' ' ' ' ) '
) 1 ' ' ' ' ] '
- - - -a L S Y
. L.l -1
) ' '
- reT -r
-ba L.l -1
) ' '
- - - -
1 ' '
1 1 1

[7:,-2H 23] OSW Walpesg Ayaeig

ion is

Frequency [Hz]

— If LPF “only” meets its requirements, TeVeS gradient detect
margina



TeVeS Signal (5Ukm miss distance)

mmm Total Instrument Noise

Optical Metrology

Residual Gas damping
—— Electrostatic Actuation

—— Magnetic Effects
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— SNRs between
15 and 70!

Noise ASD s~2/ Hz "2
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0.0001 0,001 001

e SP flyby distance of 10km required for unity SNR (detection), flyby
distance of 1km required for SNR = 2

e Type lll theories can always avoid detection by being “steep
enough’



OMOND transition function gradient log "(d,(y)ldy)

e Solar System constraints derived by limits on anomalous
planetary precessions (Sanders 2006, Hees 2014)



e Detect, or rule out, some of the designer functions and other
“soft” (linear) transition functions

e Directly explore (as yet) unexplored parameter space

e Noft rule out all MONDian possibilities

e Solar System observations may already indirectly constrain
transition functions beyond quadratic via the galactic EFE
(Blanchet & Novak 2011)



= Calculate the anomalous MONDian gravity gradients that LPF
will experience, including temporal behaviour

= Confirm that the gravity gradiemeter on-board LPF is
sensitive enough to detec @ nomalous gradients



o Testing Modified Gravity with LISA Pathfinder

e Future Prospects

e Summary and Discussion



e Comprehensive characterisation of LPF instrument for LISA
was deemed higher priority

e Even so...

e any positive detection would have represented a major
breakthrough...

e LPF was (almost) the perfect instrument in the perfect place!



(no “parameter tuning” allowed)

e Be relatively low-cost (LPF final cost was = 400M€)

e With everything we have learned with the LPF “exercise” — can we
come up with a definitive test of these theories at a relatively low
cost?



e Need to improve navigation accuracy & knowledge from = km
scale to = m scale

e ...ideally, using COTS hardware and keeping costs as low as
possible!



ompletely different challenge in I
terms of navigation & orbit
determination!

e “Formation flying” between SC
and SP at the =1m level required

e Knowledge of SC position to <1m
required (LLR?)

*10x smaller around Moon-Sun SP...



Electrostatic accelerometer
CHAMP, GRACE and GOCE missions

1.4 kg
1.4 W ’

Interface and Control Unit )

Bias rejection system
Rotating stage with piezo-electric motor

1.1 kg
02W

e Triaxial sensing
e Bias rejection stage may not be required

MicroSTAR

>

Gravity
Advanced
Package

(GAP)

3.5kg
3W
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e |s it best to keep GAPs further away from the bubble?

e Can GAP (or SC) mass itself be used to shape the bubble?



e Alarge enough ring around the SP could increase the size of the
region within which g, <10-19ms-?



Mass per
Ring Mass | Ring Radius length
[kel [m] [kg/m]
5 1.94 0.41
10 2.44 0.65
20 3.07 1.04
50 4.17 1.91
5.25 3.03

e Is this all completely impractical??
e ... deployable structures?



e Are the navigation & knowledge requirements (<1m) feasible?

e Can the above be combined with a realistic SC concept?

e ...and at a relatively low cost??



o Testing Modified Gravity with LISA Pathfinder

e Future Prospects

e Summary and Discussion



Summary and Discussion

LISA Pathfinder has been a tremendously successful mission,
with its in-flight performance exceeding even the pre-flight best
estimates. Its payload constitutes, effectively, the most sensitive
gradiometer ever flown!

LPF could have been used to explore, directly, some of the
parameter space still allowed by some alternative theories of
gravity, specifically those inspired by MOND

A conclusive test would, however, not have been possible — while
a positive detection would have represented a major
breakthrough in physics & cosmology, a null result would not
have represented much progress

On balance, the scientific case was not deemed strong enough
and the mission extension (and available propellant) was devoted
to further characterisation of the instrument



o A lot has been learned from the work on LPF, and it would be
good if this knowledge were to be used to come up with a

realistic proposal for a definite test of MONDian theories within
the Solar System

Ideas and suggestions welcome!



