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Lunar science & exploration assets

*  MoonLIGHT, the single big Lunar laser retroreflector
—  MoonLIGHT: Moon Laser Instrumentation for General relativity High

accuracy Tests. 4 inch diameter reflector
- Observed from Earth (532 nm)

INRRI, the Solar System & Mars microreflector array

—  INRRI: Instrument for landing-Roving laser Retroreflector Investigations. 2
inch diameter reflectors

- Observed, for example from LRO (Lunar Reconnaissance Orbiter) with
LOLA = Lunar Orbiter Laser Altimeter (1064 nm)

Big reflector 1s a Italy-USA collaboration, m-reflector Italy only

PEP, the Planetary Ephemeris Program orbital SW

—  Lunar/Martian positioning data. Developed at the Harvard-Smithsonian
Center for Astrophysics (CfA), USA, by Shapiro, Reasenberg, Chandler
since 1960s

Frontiers of new Physics

- Lunar positioning data matched with cosmological constraints

- New insights toward a determination of extensions of GR



Lunar Laser Ranging (LLR) —
test of General Relativity

* Improvements of space segment up to X 100 with
MoonLIGHTs plus current LGN of Apollo/Lunokhods

Science measurement / Precision test Apollo/Lunokhod * MoonLIGHTs**

of violation of General Relativity few cm accuracy mm
Parameterized Post-Newtonian (PPN) f3 Ip-11 < 1.1x104 103
Weak Equivalence Principle (WEP) |Aalal < 1.4x10-13 10-14
Strong Equivalence Principle (SEP) Il <4.4x104 3x107
Time Variation of Gravitational Constant | IG/Gl <9 X 10-13yr-! 5x10-14
Inverse Square Law (ISL) - Yukawa lal < 3x10-11 10-12
Geodetic Precession IK,pl < 6.4x103 6.4x104

*J.G. Williams et al PRL93,261101, (2004)
** M. Martini et al Plan. & Space Sci., 74, 276, (2012)
** E. Ciocci et al, Adv. Space Res. Vol. 6, Issue 5, 1115-1129, (2017)
** 0. Luongo, S. Dell’Agnello, S. Capozziello, in preparation, (2018)
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Limits on 1/r? deviations in the Solar System@

MoonLIGHT provides
accuracy 100 times better
on the space segment (the
reflectors)

When other LLR error
sources will have improved
up the same level,
MoonLIGHT-2 will
improve limits from

o ~3x10"! down to <1012
at scales A ~ million km
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R A Lunar Laser Ranging for Selenodesy

* Lunar Laser Ranging provided the best data for the deep interior of
the moon. This analysis has been used to supplement the data from

the GRAIL mission analysis

v' In 1998, analysis of the LLR data discovered and measured the size, shape
and dissipation of the liquid core of the Moon (Williams et al)
v Confirmed by a re-analysis of Apollo Seismometry data (Weber et al 2011)

* QOur next-gen retroreflectors will strengthen the collaboration with
GRAIL (Gravity Recovery and Interior Laboratory) data analysis
On 1nner moon structure

* NASA “Resource Prospector” Rover mission:
v Our reflectors proposed as payloads — see next slide

* What Next: New Frontiers AO on the Moon (LGN) expected
v" With Clive Neal (U. Notre Dame et al)




NASA lunar Resource Prospector

INFN AOO_PRESIDENZA-2016-0001253 del 12/10/2016
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Dear Wr. Scheait,

Az discussed n a recent programeratc meating on the INFN Affllation o SSERV),
we DrovicE this letter 30 expreas the INFN S06CISC nterest In e Fesource
Prospector mission (FRIPM) 1o the MOoon, which s n fomuiation within NASA. In the
framoworh of e INFN AMiaton % NASA-SSERWVI signed in Sep. 16, 2014, we
colbborate On Mesr retrorefector vy (LRA) appications 50 oxploration and
research for a variety of sciar system dostinatons. i fact, an LRA provided by ASH-
INFN & onboard ESA'S ExoMars 2010 "Schiaparell™ lander and we are devdioping
LAA modets for satercds‘comets and for Phoboa/Deimos

Nest-generaton Lnar LRAS and Lunar Laser Aanging (LLFG dats analysis seman
one of the main pllam of Me AMlason, coordinated by Simome DellAgnello for
INFN. BP0 aima 20 be the first minihg aspadtion on ancthar workd Wa beleve that
RPM, in which NASA-Ames has a prominent mole, wil De 2 stepping sione
achiovement rat ondy for unar, Dt Sor the whcle scla system SC0ACe, SXplontion
and oolonizaton. As such, we also beliove that FEM will greasly bene®t from being
equipped with the next geserston LFAS developed ointly by INFN and Doug Cerre
of !he University of Marytand (formety Principsd insestigesor of Do Apolo LINAS). Por
thasa reassne, | would ko 10 axpross our imorss! In participating In REM 3e ome of
the man goais of the INFN AMlation.
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I Mo remander, | wish 10 reming some iterrs of frumid pest colisboration. INFN s
aciive in the development of next ganaration hnar laner rerorefecton arays (LRAS),
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charadterizaton. The SCF _Lab is 8o LLA analysis center of the sematonal Lasar
Fargng Service (ILRS) and forms a “Jont Lab® witn the Matera Laser Ranging
Cosarvetory (MLIO) operaied by ASH in southern fialy. We colistorated (upon
nomination by ASD in the Cone Instrument working growp of the internationa! Lunar
Nateork §ILN) heralded by NASA. AS| and other space apences and within the NLSI
community coordnated by NASA-Ames, which tnafly evcived nto SSERVI
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TeamIndus (India, commercial)

Moon Express 1 (USA, commercial)
NASA Resource Prospector (USA, NASA)
CNSA Chang’E program (China, CNSA)
New Frontiers AO (USA, NASA)?
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.\Q TeamIndus lander/minirover mission

MoonLIGHT & INRRI mockups delivered to Bangalore in Aug 2017
(picture below). Now doing qualifications for delivery of Flight Models

-
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Mockups on
lander deck

1
MoonLIGHT - \ N . INRRI
big reflector 4 microreflector
> array
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Moon Express mission MX-1E c

EXPEDITION ONE: LUNAR SCOUT

THE 1ST COMMERCIAL VOYAGE TO THE MOON

The Lunar Scout expedition will be the first commercial voyage to the Moon. This
historic expedition will demonstrate the cost effectiveness of entrepreneurial
approaches to space exploration, carrying a diverse manifest of payloads including
the International Lunar Observatory, “MoonLight” by the INFN National Laboratories
of Frascati and the University of Maryland, and a Celestis memorial flight. Following
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What powered the big bang?
Only gravtational waves can escape from

the carbiost moments of the Big Bang

. : Inflation
“: (Big Bang phus 10" seconds”)

Big Rang pln -

10 “ seconds Cosmikc mxkrowave backgroen

» ‘ distorted Dy seeds of strnuctuey

S, and gras iaonsd waves

Rt Nang frien

New Physics with LLR

To address the evidence of possible
departures from General Relatvity at
the level of Solar System and to
motivate the use of retroreflectors on
the Moon and Mars we need a theory
which extends gravity having the

following “requirements™:

A = hughly mouvited from a

P Years

geometocal point of view

d by

Hig Bang plus

15 Billvon Yeans

C = predicuve on deparctures ar the
Solar Svstem regime

A particular family of NLTG is f(R)-gravity in metric formalism, in
which the Hilbert Lagrangian is replaced by any non-linear density
depending on R. GR is retrieved in (and only in) the particular case f

(R)=R.

) - CO able wi 0S8

In these theories there is a second order part that resembles Einstein tensor (and reduces to it if and only if f(R) = R) and
a fourth order “curvature part” (thatreduces to zero if and only if f (R) = R):

f'(R(g)) R (g) — %f(R(g))gW = V.V, f'(R(9)) + 9,8 (R(g)) = £ T

14



CIA New Physics with LLR

| | K T;'Zz) T(m)
/ /
Gaﬁ " [ 8ap [f(R) f,(R)] +f (R);aﬂ - gaﬂmf (R) + - (Cuw) + /a'B
R |2 TORCARID
= F'(R)? , B 1) First, we fix by Gdot/G the value of
TTIETPR) 2P RE Gt = g f'
2) Second, we fix with gamma the
: . value of "
-] .!. [ F(R)-F (R) d\ 3) Third, we use beta to fix the
2F'(R) + 3F"(R)? variation of gamma, having
4) Fourth, we compare those results
with cosmology at our time to sce if
From FRW metric we take the expansion series of the scale factor f*,£7,f" are compatible with cosmic
a(t), having: observations
() = 1d%a 1 (1) = 1d% 1 5) Fifth, we can ﬁ.x the free parameters
g\t) = ;;-dt_lﬁ J\t) = adi® He of a model which may be

particularly relevant in the literature
And then measuring q0, J0 by cosmology we compare our bounds In

the Solar System also with cosmology A toty
S I Ro) i . s _ prototype:
J(R) = z o (R— Ro)" =~ fo+ N R+ f-gll’ - f;;ll’ . 2T Taylor oxpansion
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W New Physics with LLR

Observed vs. Predicted Keplerian

| | I | | | | | I
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Providing a solution
to Dark Matter
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Finally in the weak field limit of modified gravity. ..

[ \ 2 (4), .
gue(t,r) >~ 1 *_q:, '(f,r) + G4y 'H.ri

o 1) Sixth, we can compare the
grr(t,7) = =1+ gr7' (£, 7) modified potential with data
2 ' 2) Seventh, we can get
o constraints over KGP in the
 ggo(tir) = —rsin”0 field of f(R) gravity
3) FUTURE

DEVELOPMENTS: we can
7 < Y match recent results over
(&M ifs 0 (t)e V=8 GRB170817A/GW170817
5T O6Er Neutron Star merging with our
results

Qoolt,r) = —1

(I)gra.v ==
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Conclusions

MoonLIGHT, the single big Lunar laser
retroreflector and INRRI, the Solar System
microreflector array soon to be deployed on the

Moon
v Microreflectors already on ESA & NASA Mars landers

Enhancing PEP, the Planetary Ephemeris
Program orbital SW with General Relativity
Available data for testing new physics models,
i.e. F(R)

Matching between cosmology and local tests in
the Solar System through experimental
constraints set with MoonLIGHTs
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Thanks!
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