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A nice family portrait...

“The Earth is the cradle of humanity, but mankind cannot stay in the cradle forever.”
Konstantin Tsiolkovsky
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But..., is there anybody out there?
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THE SOLAR GRAVITATIONAL LENS
Solar system is not alone!

SPL

Current estimates:
« ~50% of stars have planets;
_ s gt « ~100 billion stars in our Galaxy, and
the Miky Way galaxy VI A 1-10 planets per star;
’ » 50 billion to 5 trillion planets in our
Galaxy (alone);

* There are ~10 new stars forming
each year in our Galaxy...

« ~5 new planetary systems/year...
« ~5-50 new planets/year.

Exoplanet census (Oct 2019):
* 4,073 — confirmed,;
* 4,495 — candidates;
« 3,028 — planetary systems;

/CD nl\yt B - 161 terrestrial.
§ S — < 1 Finding Earth 2.0 is matter of time...

— but what will we do once we find it?

https://exoplanets.nasa.gov/



Our Stellar Neighborhood within 100 ly

Location of the Stars with Exoplanets within 100 light years
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The size does matter...

Jupiter ==

...and so does the distance: 7)e tyranny of the diffraction limit. ..




Our Challenge




THE SOLAR GRAVITATIONAL LENS
1-pixel direct image of an exo-Earth...

SJPL

The tyranny of the diffraction limit: To make a 1-pixel image of an exo-Earth
at 100 light years one needs a telescope with a diameter of ~90 km..
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A (10kX10k)-pixels image of our Earth

This 2002 Blue Marble image features land surfaces, clouds, topography,
and city lights at a maximal resolution of 1 km per pixcel.
Composed from 4 months data from NASAS Terra satellite by R.Simmon, R.Stockll.




THE SOLAR GRAVITATIONAL LENS
1,000-pixel direct image of an exo-Earth...

SPL

The tyranny of the diffraction limit: To make a 1,000-pixel image of an exo-Earth
at 100 light years, a telescope with a diameter of ~90,000 km is needed...

Earth and the Moon

Accurate Size and Distance Scale

~90,000 km

&8

- 5 )b >b
o

The average distance to the Moon equals 30 Earth diameters.

Diameter of 90,000 km is ~7 diameters of the Earth




THE SOLAR GRAVITATIONAL LENS
Largest telescopes to date...

PL
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SJPL

Largest telescopes in space

Telescope sizes compared

Webb will be the largest astronomical
telescope ever put into space. Spitzer,
the current infrared telescope, is tiny
by comparison, :

Mirror sizes Q

The size of the mirror makes the Hubble Human Webb Spitzer
biggest difference in a telescope’s 945 inches 255.6inches  33.5inches
light-gathering capability. (2.4 meters) (6.5 meters) (0.85 meters)




THE SOLAR GRAVITATIONAL LENS

SPL

The Interstellar Medium

The Solar Gravitational Lens (KIss study, 2015)
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THE SOLAR GRAVITATIONAL LENS
The image within the Einstein ring

SPL

Not to scale

Credit: ES A, Hubble & NASA Wikimedia




THE SOLAR GRAVITATIONAL LENS

SPL Properties of the Solar Gravity Lens
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* Important features of the SGL (for A =1 um):
— Major brightness amplification: a factor of 10" (on the optical axis);

— High angular resolution: ~0.5 nano-arcsec. A 1-m telescope at the SGL
collects light from a ~(10km x 10km) spot on the surface of the planet,
bringing this light to one 1-m size pixel in the image plane of the SGL;

— Extremely narrow “pencil” beam: entire image of an exo-Earth (~13,000 km)
at 100 l.y. is included within a cylinder with a diameter of ~1.3 km.

S S R = o D Turyshev & Toth, Phys. Rev. D 96, 024008 (2017)
[ dotted: oc J2(2y/7)/x?
0.8f ]
5o
% 0.6} \
g U0
N I
® 041
= :
;—‘ .
> 02] i
o.ov\/\/\/\/\/\/\ J \/\/\/\/\/\AN 3-D Airy pattern

04 —02 00 o0z 04 of the SGL

Distance from the optical axis, p [m]



SJPL

THE SOLAR GRAVITATIONAL LENS

Eshleman V.R., Science 205, 1133 (1979)

Gravitational Lens of the Sun: Its Potential for
Observations and Communications over Interstellar Distances

Abstract. The gravitational field of the sun acts as a spherical lens 1o magnify the
intensity of radiation from a distant source along a semi-infinite focal line. A space-
craft anywhere an that line in principle could observe, eavesdrop, and communicate
over interstellar distances, using equipment comparable in size and power with what
ix now wsed for interplanetary distances. If one neglecis coronal effects, the maxi-
mum magnification factor for coherent radiation is inversely proportional o the
waveleagrh, belfag 100 million at | millimeter, The principal difficulties are that the
nearest point on the focal half~line is abour 550 fimes the sun-earth distance, sepa-
rate spacecrafl would be needed 1o work with each stellar system of interest, and the
solar corona would severely limit the intensity of coherent radiagtion while also re-

siricting operations to relatively short wavelengths.

About 40 years ago, Einstein (/) pub-
lished a short note in Science on the fo-
cusing of starlight by the gravitational
field of another star. He emphasized the
improbability of observing this phenom-
enon by the chance alignment of fwo
stars and the earth. From concepts based
on current technology and trends, how-
ever, it appears that gravitational focus-
ing of eleciromagnetic radiation might be
emploved, by design, for highly direc-
tional observations and communications
over interstellar distances.

In such use, the gravitational field of
the sun could play several roles. First, it
might be used to reduce fuel and time re-

1 + w», where the refractivity » = g/r at
radius r. A ray 15 deflected through the
angle o = 2g/a, where a is the ray im-
pact parameter and g is the gravitational
radius (g = 2Gm/c®, where & is the
gravitational constant, s 1% the mass of
the central body, and ¢ is the speed of
hight). It 15 assumed throughout that
<< 1, An observer at position z be-
hind the lens and x from the center line,
a8 illustrated, would see an energy den-
sity lessened by defocusing in the plane
of propagation, but increased by focus-
ing due to the curved limb normal to this
plane. The relative single-ray intensity
I'= F'F.2 where in ray optics F7 =

Mission to the Gravity Lens of the Sun

nel scales along the circumference of &
circle at the ray-impact radius. Using al-
so the wave number k = 2 /h, the maxi-
mum intensification of the coherent sig-
nal is simply

Toax = 2w kg

A5 an  approximation, let the focal
“spot” radius x; be the value of © where
I falls to [p/4, so that g =
(2/mkMz 2e1", Thus the angular resolu-
tion for distinguishing two adjacent co-
herent  sources by a corresponding
change in intensity is /2 radians. (The
first null off the center line is at x = #?
%/2, and the first sidelobe is twice this
distance with intensity fp../7%.) The
periapsis or minimum radius of the ray
relative to the center of mass isa — g, or
essentially o, and thizs must be greater
than ry, the physical radius of the spheni-
cal mass. Thus wmg,, = Zgir, and the
focal line begins at 75, = rg2g.

Mow consider the focusing al 2 ™ 2,
of mcoherent radiation from a uniformly
bright, circular, extended source of radi-
us r, and distance z, == z. This is the
problem considered by Emstein (/') and
more completely by others, notably
Liebes (4}, The gain factor A of the gravi-
tational lens for the intensity observed

Frvan  ihas  dee  seediacideasl] demoees  soen

Kraus J.D., Radio Astronomy, Cygnus-Quasar Books, Powell, Ohio, 6-115 (1986)

Maccone C., many papers, 1999-present

Turyshev & Andersson, MNRAS 341, 577 (2003)

Optical
wavelengths
“magpnification

~1011



THE SOLAR GRAVITATIONAL LENS
Original gravity lens derivation (Einstein c.1911)

{R'fR}J /2)
RI
g, = ¢ g’;a'

7) At e WM)"""%E’«

le»w- Ju(»-li WWIW

Precision alignment between a Lens and the Earth is very unlikely...




THE SOLAR GRAVITATIONAL LENS
SPL Gravitational deflection of light before GR

2G M
aNeWton<b) — 2h ©

= 0.877 (%) arcsec

' V Zoneed t0.4. 73,
e poalotin Hins Kollegs !

B ‘uft@&c Aheorelivols oy ~ :
&’..-7 woimebit it Moo linses prloscsiel : Sl et oh
dais LlRalklos i e oo Albert Einstein George Ellery Hale Erwin Finlay-Freundlic

c.1913 (1868-1938) (1885-1964)
1;-. 24 . . )
| l, e tixobald * |In 1913 Einstein wrote to Hale:
— “Is eclipse necessary to test this prediction?”

Ause Fonesierninsts mnlute ““““‘”“‘4‘““7 — Hale replied: “Yes, an eclipse is necessary, as stars

gy’ oo, W0 -t A S5 7 4
(é ,WM near the Sun would then be visible, and the bending

of light from them would show up as an apparent

C—-"“‘“@: R displacement of the stars from their normal positions.”

| , * In 1914, the first attempt - a German expedition
o waire stchall o Jrossltien — A German astronomer Finley-Freundlich led an

%A,m e gressin Foocsitan - expedition to test the Einstein's prediction during a

whe opisd Fomoltnms e total solar eclipse on Aug. 21, 1914 (in Russia);

&:‘;‘_““‘ foi ‘e Ty — However, the First World War (July 28, 1914)

Wil ) poidhan o titans intervened, and no observations could be made.

The Huntington Library, Pasadena, CA




THE SOLAR GRAVITATIONAL LENS

The First Test of

Gravitational Deflection of Light:

agr(b) = 2(1 +;2GM® ~ 1.75(1 ; 7) (RbQ) arcsec

H ginstein akadenie 11§sencha(Len

= LRT2E ralrs austratia taniti eclipse plates measured hy cam
Lruxpler SIXLY LY L0 e1ghty fOUF Stars each five of Six. \
zeasurements. connl.etaw calcotated nvmg aeﬂ.ecuon
"petyeen one point fifLy Rine and ome otat. e1¢hty s1X ' see

at( 2edn VELU‘ ong point sevenly rour SECORGS = capreLL f

= e el

Mo

Campbell’'s telegram to Einstein, 1923

General Theory of Relativity

Solar Eclipse 1919:

Deflection = 0; possible outcomes

Newton = 0.87 arcsec;
Einstein = 2 x Newton = 1.75 arcsec

Einstein and Eddington, Cambridge, 1930




TTHIE SOILAR GRAVTANTIONAL ILBNS

SPL Gravitational Deflection of Light
is a Well-Known Effect Today

Galaxy Cluster Abell 2218 HST « WFPC2
NASA, A. Fruchter and the ERO Team (STScl) « STScl-PRC00-08
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SPL Our solar system and tests of gravity




THE SOLAR GRAVITATIONAL LENS
Jpl— 50+ Years of Solar System Gravity Tests

Techniques for Gravity Tests:

Radar Ranging: The Nobel Prize in Physics
anets: Mercury, Venus, Mars
—s/c: Mariners, Vikings, Pioneers, 2017

Cassini, Mars Global Surveyor,

Mars Orbiter, etc.
—VLBI, GPS, etc.

Laser:
—SLR, LLR, interplanetary, etc.

Dedicated Gravity Missions:

—LLR (1969 - on-going!!)
— GP-A,76; LAGEOS,’76,92; GP-B, 04; N Nobel Media. 11N
LARES,12; MicroSCOPE,’ 16, ACES, Rainer Weiss Barry C. Barish Kip S. Thorne

‘20; LlGO,’16, eLISA, 2030+(f)) Prize share: /2 Prize share: 1/4 Prize share: /4
"for decisive contributions to the LIGO detector

New Engineering Discipline - ) .
Applied General Relativity: and the observation of gravitational waves"

P

— Daily life: GPS, geodesy, time transfer; ( ,
— Precision measurements, deep-space navigation & pas-astrometry (Gaia) w

General relativity is now well tested. Can we use it to build something?




Discovery of an exoplanet around a solar-type star

THE NOBEL PRIZE
IN PHYSICS 2019

James Michel Didier
Peebles Mayor Queloz
“for theoretical “for the discovery of an exoplanet
discoveries orbiting a solar-type star”
in physical
cosmology”

THE ROYAL SWEDISH ACADEMY OF SCIENCES

A Jupiter-mass companion to a solar-type star
_Mlcllel Mayor & Didier Queloz

Genewa Otaenwatory, 51 Chemin des Mailetnes, CH- 1290 Saueerry, Smzedang

The presence of a Jupiter-mass companion to the star 51 Pegasi is inferred from observations
of perlodic varlations In the star's radial velocity. The companion lies only about eight million
kilometres from the star, which would be well inside the orbit of Mercury in our Solar System.
This object might be a gas-giant planet that has migrated to this location through orbital
evolution, or from the radiative stripping of a brown dwarf.

v have been examuning the mass of the companion. Alternative explanations to the

&0 At 1o wentafy observed radial vedocity varation (pulsation or spol rolalion)

motons induced heavy planetary

W Presemo

wphs optmeed tor I'be very small dstance between the companioa and S| Peg

companions Ihe precison ol spectro
Doppker stodies and currently in use = limited to about i certnly nol prodicted by curremt models of giant planct
ISms As the reflex moton of the Sun due o Jupiter s formation®. As the temperature of the compamson is above
13ms sl current searches sre limited 10 the Jdetection of 1300 K, this object seems 10 be Eingeroaniy dose o the Jeass
o ts with at Jeast the mass of Jupiter | M,). So far, all precese thermal evaporaton bmit. Moreover, mon-thermal evaporatic
Duoppler surveys fave fuked 1o detect any jovian plansts or elfects are knoun 1o be dominant er thermal ones. This jov-
beown dwarfs un-mass companion may therelore be the result of the sinppung
Since Apeil 19948 we Bave maonitared the radisl velocty of 142 if & very-low-mass brown dwarf '
G and K dwarf stars with a precision of | 3m s I'he stars I'he short-penod orbital metion of 51 Peg abo displays a long-
our survey are seleciod for thesr apparent constant sadial veloary peniod perturbation. which may be the sgnature of a second
(at Jower precision ) from a larger sample of stars monitored for bow-miss companion orbitisg st larger distance
15 years Aler 18 momths of messurements, a small number
of stars shon significant veloaty vanations. Although most can Discovery of Jupiter-mass companion(s)
didates require addational measurements, we report here 1he dis Owr mcsxsurements are made with the new fibre-fod echelle spe
covery of a companion with o minimess mass of 0.5 M, orbiting trograph ELODIE of the Haute-Provence Obsenvatory
#1005 au sround the solar-type star SI Peg, Constramis ongin- France This instrument permils measurements of radal
aung from the observed rotatsonal velocnny of 81 Peg and from velocity with as accuracy of about 13ms " of stars up to 9 mag
ils low chromasphenic emisson give am upper bt of 2 M, for N AN CAposure Lime o W min. The radial velocity s computed
NATLRE YOL 378 - 23 NOVEMEBER 1995 ass



Imaging Exoplanets with the Solar Gravitational Lens

Credit: |. Del uca



THE SOLAR GRAVITATIONAL LENS
Imaging point sources with the SGL

SPL

(', 9 )e Image
plane
Source 20
plane e - e TS
EM wave Image Convex lens Imaging telescope
wavefront plane
Sensor
Focal
/ plane
Sensor
\ d (D2 Py)
Sun
po =0 0 < po < 2 cm 0.6m < po Sy

On-axis Small off-axis Large off-axis Very large off-axis
displacement displacement displacement




THE SOLAR GRAVITATIONAL LENS
Image formation process with the SGL

SJPL

)
Image formation for an extended source 8 o
/ 2 lane
X X : P
—
=
3
Source  z, z r::
plane 's

- 3% //dQX'B Tt Zx)) |
)\ z 20 D

%z 3-D description of imaging

Turyshev & Toth, Phys. Rev. D 100, 084018 (2019), arXiv:1908.01948
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JPL Modeling the signal from an extended source

F)irectlé/ Power from directly imaged region: P (ro) = BJ(%CDZ%VZ%'
image
region (zh, ) Power from the rest of the planet (blur):
2R 7z
D = @d Pblur(rO) = Pdir(TO)(T@ZiOE(TO) —1

Telescope diameter

al power received by the telescope:
» E(Iur iggéacE@r 2 Rg |21y
Pexo(rO) — Pdir ro Pblur TO)r— sT §d) 2ZO > E(TO)

tructed from variations of blur.
To do that we need high SNR!

“Shadow imaging”: the image is rec

/N

Interesting observation:< os}

Pro(ro) — BSW(%d)Q% /%7;5(740) — PO Ager (o) ... after re-arranging terms
_ Ao [2r _ 1 . b . d SGL amplification
ASGL(T()) = _g E(To) = 5.65 X — V@B?Qe p
2Re V Z 30 pe z is wavelength independent!
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JPL Photon flux received from exo-Earth

)\6)\ 7Td2 R@ 2r - I €vis = 0.5
Photon rate: Qexo = W alg 1 ! ¢ Correc_:tlon_for solar ern = 0.4
¢ 2 vV Z spectral irradiance
Cyy — 0.1
Image diameter: Maximum SNR per imaged pixel:
z 30 pc o
% :1.3( )( )km nax _ 2T® |
Flux from an exo-Earth Detection SenSitiVity
zp = 1.3 pc 2000 
108 zo = 1.3 pc
w zo = 10pc
ug) 10° 8 SNRg =7
_"é - 2o = 30 pc 2 1000 -
< c :
-'g 1000 % \ zo = 10pc
s " A=10pm 00
(@)
ol : d=1m T w
| 660 - 860 - 10‘00 - 12‘00 - 14‘00 o o | | 860 | | | 10‘00 | | | 12‘00 | | | 14‘00 |
Heliocentric distance, AU Heliocentric distance, AU

Amplified signal from distant exoplanets may be used for imaging
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Convolving BW source with the SGL

SPL

An image of the Earth with
1024 x 1024 pixels

Credit: Toth, 2019

Some source features
are still recognizable The convolved image of an exo-Earth at 30pc,

formed by the SGL at z = 650 AU, with 4 = 500 nm



THE SOLAR GRAVITATIONAL LENS
SGL Image Deconvolution

SJPL

Credit: Toth, 2019

An image of the Earth with
1024 x 1024 pixels

Right: Deconvolution at different resolutions and bit depths. Columns:
resolutions of (256x256), (512x512), (1024x1024) pixels. Rows: “low quality” (4,
6, 8 bits), “medium quality" (6, 8, 10 bits), “high quality” (8, 10, 12 bits) samples.



THE SOLAR GRAVITATIONAL LENS
Convolving source with the SGL (color)

SPL

As the telescope aperture is much larger than the first minimum of the
PSF, the actual SGL’'s magnification is wavelength independent!

Original Convolved Credit: Toth, 2019

Major features are clearly visible. Spatially resolved spectroscopy is possible.



THE SOLAR GRAVITATIONAL LENS
Deconvolving broadband images

SJPL

As the telescope aperture is much larger than the first minimum of the
PSF, the actual SGL’'s magnification is wavelength independent!

Original De-convolved Credit: Toth, 2019

Initial convolution/deconvolution results are promising. Further work is needed.
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THE SOLAR GRAVITATIONAL LENS
Do not point at the Sun!!!!
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SPL Plasma contribution to SGL @

For SGL-relevant geometry, wave effects on light propagation are negligible
—— [HE LI

—_ Incident plane wave —_ Incident plane wave
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Pure gravity Gravity + Plasma

Plasma pushes the focal area of the SGL outward to higher heliocentric ranges
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SPL Effect of solar corona on light amplification

Distance from the Sun (r/Ro) Turyshev & Toth, Phys. Rev. D 99, 024044 (2019)
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Solar corona electron content density (Muhleman et al., 1977):
o Ame? Ro

. (r) = [2.99 x 108(@>16 4 1.55 x 108(@)6 4 3.44 % 105(@)2] em™® = T - ZO‘( r >Bi

r r r

472 2 ’ Ty o . )
b, = i /A%gﬁ?ng <2W§ ﬁ]_-pg> SGL'’s point-source magnlflcatlon in the
L—emimre z presence of plasma in the solar corona
005\ 60 50 Ro\ 15 Ron\5 R A2
Foe=(1+=—L) —2>0 _ P _ -8( 2o -8( o -1 o
s = ( +59§> 7, 2 5. {78010 (52) 2415107 (52) w285 x 107 () H ()

For impact parameters b € [Ro,3Ro], wavelengths A > 3cm are severely affected,
wavelengths ) > 30cm are completely blocked by the plasma, obliterating SGL.

Propagation of visible/IR wavelengths practically is not affected by the solar plasma
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Solar corona brightness
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JPL Large format imaging detector @/

In the plane Einstein ring (unresolved) g = \/22
<

of the Syn
In the plane of

Exo-Bartidlescope’s

the detector %iegn_algnixecﬁesomtio”
Coronagraph with solar €lement
corona
Sun

2r, A
/24 =
Ba z 2d

Solar corona

Unread
pixels ‘

 Assumptions:
— Coronagraph blocks-out the Sun to the level of the solar corona
— Detector receives light from an exoplanet and that from the solar corona
— We image the disk centered at the Einstein ring having thickness of 1/d
— Extra pixels on the detector are not used for imaging
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Brightness of the solar corona

SJPL

Model for the solar corona brightness from November & Koutchumi (1996)

3.670 1939 0.0551\ W
Beor(r) = 20.09( 5t rs T oo )
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m?2 sr Ro

Typical surface brightness of the solar
corona as seen at 800 AU
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Relevant angular sizes

SJPL

Thickness of the imaged region around the Sun

| 2r A
Relevant angular sizes as a function B+ = 79 + —

of heliocentric distance

1.6+

Einstein
ring

141

120

Angular size, arcsec

I | I I I | I I I | I I | |
800 1000 1200 1400

Heliocentric distance, AU
» As the heliocentric distance increases, the Einstein ring (together with the entire

imaged region) further separates from the Sun. Fewer detector pixels used.
« Coronagraph may have to be able to compensate for decreasing angular sizes.
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JPL Received photon fluxes

Fluxes from the solar corona and an exoplanet
AEX 2 /27T P+ e wd* Rg |21,
0

Qcor — 57— 7 d¢ Bdﬁ BCOI‘(B) Qexo

= I
he 4 3. he Y1074 20 z

— \ / Solar corona
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o
oo
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2o = 1.3 pc
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A=1.0um  Exoplanet

100 d=1m

Photon rate, photons/s

| 600 | | | 800 | | | 1000‘ | | 1200‘ | | 1400
Heliocentric distance, AU

Noise from the solar corona is ~103 times stronger than the signal.
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SNR for solar gravity lens and corona

SJPL

1 1 H . QeXO\/T_l
Estimating the SNR for the combined system: SNRy = —Y_—
Y VPQeor

Detection sensitivity estimates 20 = 1.3pc

350 -
300 -
250 Nearly linear
; growth

of the SNR

200 -

150 -

SNR in 1 sec

A=1.0um
d=1m 2o = 10 pc

100 -

50 -

zo = 30 pc

| 860 | | | 1000 | | | 1200 | | | 1400
Heliocentric distance, AU

Impact of the solar corona on the detection sensitivity (SNR).
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JPL Resolution in 1 and 10 years of integration @

Determine number  ,, _ ( trot Qyg )1/4 fror = 1 year
of pixels, N: PQeorSNR3 tror = 10 years
Number of pixels in Number of pixels in
1 year of integration , — 1 3pc 10 years of integration
1000 - zo = 1.3pc
U; d — 1 m U)" 800 d — 1 m
‘© 400 Ko
gl X
o I Q. 600
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5 i z0 = 1UPC D 400 zo0 = 10pc
O 200} Re) r
g ﬂ g - Nc
Z 100 - Z i -
v Ty D" T 80 1000 1200 1400
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SGL offers pretty impressive capabilities:

To image exo-Earth at 10pc with N = 100 pixels: telescope diameter ~ 3,000 km is needed.
To image exo-Earth at 30pc with N = 100 pixels: telescope diameter ~ 8,850 km is needed.
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SPL

Propulsion Options Considered:

Chemical: < 15 AU/year

— Requires large 4V close to the Sun, and larger SV
Solar Thermal: 22 AU/year

— Needs 2-3R, flyby requiring a heat shield of >1,000 kg;

— JPL/MSFC point design was 500 kg spacecraft with
8,000 kg (dry) propulsion stage;

Nuclear Electric: 20 AU/year

— 2-stage 30kW SEP/20 kW reaches 20 AU/yr, but
maximum 40 year trip time;

Electric Sail: 12-23 AU/year
— 20 tethers, each 10 km length = 23 AU/yr (P. Januhen)
— 500 kg to ~12 AUl/yr (L. Johnson)

-V, -- Escape leg

——
~~o
~

~
\‘X Powered Flyby AV

Jupiter ‘ » \

E77 7
g W
£ /
1

Flybys of
Venus,
Earth,
Mars

°l

1 3 5 7 9 11 13 15 17

Arora, N, et. al., “Trajectories for a Near Alkalai, L., et. al., “A Vision for Planetary and Exoplanets Science:

Term Mission to the Interstellar Medium”

Achieving High Solar System Exit Velocity

All have features
that have high risk,
too costly and do
not meet desired

approach (e.g.
share-rides, etc.)

-- Escape leg:
Sun-dive leg

Tem-—r
Fl\b\\ of Vcnus, \ . DSMs ~
Earth, Mars

= -

Arora, N, et. al., “Trajectories

Exploration of the Interstellar Medium — The Space Between Stars”, 2017 for a Near Term Mission to the

Interstellar Medium”
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J L Baseline Propulsion: Solar Sails for Solar System Exit Pr

Would like V ~25 AU/yr, to enable
a 22 year journey to 550 AU

Solar Sail-driven spiral trajectory

controls Perihelion time to match

« exo-star’s right ascension and
orbit plane Inclination, and

* exo-star’s celestial elevation

SunVane Sail Design
NXTRAC, L-GARDE

« for 10 kg s/c unit,
400 m?/kg, vane

Solar System Exit Velocity
vs Perihelion Distance
and Sail Area/Mass Ratio

)]
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v
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S o e 4 JPL Starshade (not
P W as a coronagraph)
w ey
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0
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Parker Solar Probe
closest approach ~ 9 R

sharshade ~ 71m
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Current Sails

SPL

IKAROS ‘ . NANOSAIL D
AM: 1.3 %) AM:22
SIDE LENGTH: 14M , SIDE LENGTH: 3.1M..

LIGHTSAIL 2
AIMT 1.3
SIDE LENGTH: 5.6M
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SPL

SunVane: A Scalable Approach to Sail Architectures

SIMPLIFIED DEPLOYMENT
ARTICULATED VANES ENABLE CONTROL
SIGNIFICANT POWER GENERATION

SCALES TO 400 A/M RATIO WITH
CURRENT TECHNOLOGY

LEVERAGES TRUSS ADVANCES (< 10 g/m)
VANES PROVIDE MULTIFUNCTIONAL

- CABILITIES FOR COMMUNICATION AND
POWER GENERATION
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SPL Mission CONOPS in Overview
Form cooperative

Rendezvous orbit
_ A Pearl leaves
___!U;“ - i Rendezvous  Pearl ~10-20 s/c
‘~~~-___'3L orbit released and
= solar sail deploy

Containerized s/c,
secondary payloads

& T
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/ Solar sail s/c undergo
near circular trajectory

to solar perihelion
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is minimal, dispose some solar sails

constellations of Science
s/c (that collect data) and
Support s/c that perform

ancillary functions
(power, fuel, navigation, %’

communications). From
optical line for Exo-Sun
shift to the exo-planet’s

optical line.
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Conclusions

SPL

The knowledge of the physical properties of the SGL much evolved
— Analytical models for SGL magnification for extended sources
— Models confirmed with numerical simulations
— Solar corona is now fully accounted for in the SNR analysis
— Studied many scenarios of image reconstruction with the SGL
Improved set of mission-relevant parameters
— Detection sensitivity; Instrument size and performance; Per pixel integration time;
— Duration of imaging mission phase; Number of spacecraft; Navigational precision;

— Formulated mission requirements to deliver a spacecraft beyond 700 AU, to form
an imaging system that could exploit the unique optical properties of the SGL.

Investigated several possible mission architectures

— Considered: single large s/c, cluster of mid-size s/c, and cluster of solar sail s/c;

— Baseline architecture: “string of pearls”, based on solar sail propulsion

— CONOPS for s/c at the SGL to detect, track, and study the Einstein ring

— Developed a Technology Roadmap and a set of flight demonstrations
Summary

— No major showstoppers have been identified

— Imaging with the SGL is challenging, but feasible



THE SOLAR GRAVITATIONAL LENS
SGL may yield an image an exo-Earth

Image of Our Earth in Physical Colors




