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… because we are all kids at heart…
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A nice family portrait…

But…, is there anybody out there? 

“The Earth is the cradle of humanity, but mankind cannot stay in the cradle forever.”

Konstantin Tsiolkovsky
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www.popchartlab.com
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Solar system is not alone!

Current estimates:

• ~50% of stars have planets;

• ~100 billion stars in our Galaxy, and 

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 (Aug 2018):

• 3,725 – confirmed;

• 4,496 – candidates; 

• 2,778 – solar systems;

• 929 – terrestrial.

Finding Earth 2.0 is matter of time... 

– but what will we do once we find it?

https://exoplanets.nasa.gov/
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Exoplanet discoveries

Exoplanet astronomy is poised for a major growth with 

detection of millions of exo-planets expected

Multiple techniques used to detect the presence of a planet
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The Kepler planets
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Largest telescopes to date…

But…, is there anybody out there? European Extremely Large Telescope

39 meters, Chile (est. 2022)

The largest telescopes for the last 125 years 

to date, both on the ground and in space
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Largest telescopes in space

Kepler
1.4 m



THE SOLAR GRAVITATIONAL LENS

AFTA- C

Exo-Coronagraph,

Exo-Starshade,

LUVOIR, AT-LAST,

HDST

Demographics

Characterization
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The size does matter…

…and so does the distance: the tyranny of the diffraction limit…
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Our Challenge

A Pale Blue Dot
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Our Stellar Neighborhood within 100 ly
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1-pixel direct image of an exo-Earth…

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… 

The altitude of  the Kármán line

JPL

90 km

Dana Point
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A (10k×10k)-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 pixel. 

Composed from 4 months data from NASA’s Terra satellite by R.Simmon, R.Stöckli.
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1,000-pixel direct image of an exo-Earth…

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

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… 

~90,000 km
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Mission to the Gravity Lens of the Sun

Maccone C., many papers, 1999-present

– 29 –

Paczynski B., 1996, Ann. Rev. Astron. Astrophys., 34, 419

Refsdal S., 1965, In Proc. of Conference on General Relat ivity and Gravitat ion, London

Rubicki G.P. & Lightman A.P., 1979, “Radiat ive Processes in Astrophysics” , p. 226, Wiley,

New York

Simcoe R.A., Sargent W.L.W., Rauch, M., 2002, ApJ, 578, 737

Tyler G.L., Brenkle J.P., Komarek T.A. & Zygielbaum A.I., 1977, J. Gephys. Res., 82,

4335

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

This manuscript was prepared with the AAS LATEX macros v5.0.

Optical 

wavelengths 

magnification  

~1011
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Original gravity lens derivation (Einstein c.1911) 

Precision alignment between a Lens and the Earth is very unlikely…
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Gravitational deflection of light before GR

• In 1913 Einstein wrote to Hale:

– “Is eclipse necessary to test this prediction?” 

– Hale replied:  “Yes, an eclipse is necessary, as stars 

near the Sun would then be visible, and the bending 

of light from them would show up as an apparent 

displacement of the stars from their normal positions.” 

• In 1914, the first attempt - a German expedition

– A German astronomer Finley-Freundlich led an 

expedition to test the Einstein's prediction during a 

total solar eclipse on Aug. 21, 1914 (in Russia); 

– However, the First World War (July 28, 1914) 

intervened, and no observations could be made.

Albert Einstein 
c.1913

George Ellery Hale
(1868-1938)

Erwin Finlay-Freundlich
(1885-1964)

The Huntington Library, Pasadena, CA



The First Test of  

General Theory of  Relativity

Einstein and Eddington, Cambridge, 1930

Gravitational Deflection of  Light:

Campbell’s telegram to Einstein, 1923 

Deflection = 0;

Newton =  0.87 arcsec;   

Einstein = 2 x Newton = 1.75 arcsec 

Solar Eclipse 1919:

possible outcomes



Gravitational Deflection of Light

is a Well-Known Effect Today

THE SOLAR GRAVITATIONAL LENS
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Our solar system and tests of gravity

http://upload.wikimedia.org/wikipedia/commons/c/c2/Solar_sys.jpg
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40+ Years of Solar System Gravity Tests

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

New Engineering Discipline –

Applied General Relativity:

Radar Ranging:

−Planets:  Mercury, Venus, Mars

−s/c: Mariners, Vikings, Pioneers, 

Cassini, Mars Global Surveyor, 

Mars Orbiter, etc.

−VLBI, GPS, etc.

Laser:

− SLR, LLR, interplanetary, etc.

Techniques for Gravity Tests:

Dedicated Gravity Missions:

Non-linearity
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Cassini ‘03

LLR ’04

     51 (2.1 2.3) 10

General Relativity

Mars Ranging ‘76     31 2 10

Astrometric VLBI ‘09
    41 3 10

     43 4.3 104

Spacecraft tracking ‘10
𝛽 − 1 ≤ 8 × 10−5

"for decisive contributions to the LIGO 

detector and the observation of 

gravitational waves"

− LLR (1969 - on-going!!)

− GP-A,’76; LAGEOS,’76,’92; GP-B,’04; 

LARES,’12; MicroSCOPE,’16, ACES, 

‘18; LIGO,’16; eLISA, 2030+(?)

− Daily life: GPS, geodesy, time transfer; 

− Precision measurements, deep-space navigation & as-astrometry (Gaia)
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The Solar Gravitational Lens (KISS study, 2015)

4 light days
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Optical properties of the SGL: caustic

Different regions of the SGL

Caustic formed behand the Sun

16

shadow region of interferenceregion of
geometric opt ics

focal line

FIG. 4: Three different regions of space associated with a monopole gravitat ional lens: the shadow, the region of geomet ric
opt ics, and the region of interference.

Using (73) for ψ and relying on the propert ies of the hypergeometric funct ion from Appendix C, especially (C4), we
can evaluate the integral:

Π(r ) = −ψ0

i u

k

1− cosθ

sinθ
ei kz

1F1[1 + ikrg, 2, i kr (1− cosθ)] − 1F1[1 + ikrg, 2, 2ikr ] +

+
iu

k

1 + cosθ

sinθ
c(r ) + ψ0 e− i k r

1F1[1 + ikrg, 2, 2ikr ] + O(r 2
g ). (94)

By taking the integrat ion constant to be

c(r ) = −ψ0 e− i k r
1F1[1 + ikrg, 2, 2ikr ] + O(r 2

g ), (95)

we obtain the following expression for the Debye potent ial:

Π(r ) = −ψ0

i u

k

1− cosθ

sin θ
ei kz

1F1[1 + ikrg, 2, i kr (1− cosθ)] − 1F1[1 + ikrg, 2, 2ikr ] + O(r 2
g ), (96)

which gives us the Debye potent ial of the incident wave in terms of the Coulomb wave funct ion ψ, i.e., essent ially in
terms of the confluent hypergeometric funct ion [58, 59]. This solut ion is always finite and is valid for any angle θ.

As a result , the solut ion (96) for the Debye potent ial allows us to replace the first term in (89) and rewrite it as

Π( I ) (r, θ) = −ψ0

i u

k

1− cosθ

sin θ
ei kz

1F1[1 + ikrg, 2, i kr (1− cosθ)] − 1F1[1 + ikrg, 2, 2ikr ] −
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(1)
l (cosθ) + O(r 2

g). (97)

This is our main result . I t contains all the informat ion about the EM field around the Sun in all the regions of
interest for the diffract ion problem (see Fig. 4). We will evaluate the terms in this expression for each of these regions.

D . Solut ion t o t he di ffr act ion pr oblem and di ffer ent r egions

In order to understand the solut ion (97) that we obtained, we need more informat ion on the second term in this
expression. Considering the region outside the Sun, r ≫ rg, wemay replaceH +

ℓ (krg, kr ) with its asymptot ic expansion
(D16). Extending it to distances closer to the turning point , as derived in Appendix F and shown in (F16), we obtain

δ(Π( I ) ) = − E0

u

k2

1

r
ei k ( r + r g ln 2kr )

kR⊙

ℓ= 1

i ℓ− 1 2ℓ + 1

ℓ(ℓ + 1)
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π ℓ
2

+
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g). (98)

Next , we use the asymptot ic representat ion for P
(1)
l (cosθ) from [35]:

P
(1)
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− ℓ
√

2πℓ sinθ
ei ( ℓ+ 1

2
)θ+ i π

4 + e− i ( ℓ+ 1
2

)θ− i π
4 + O(ℓ−

3
2 ) for 0 < θ < π. (99)
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Focal beam of extreme intensity

• Major brightness increase:                    

– For small departures from the 

optical axis, 𝜌, magnification  

of the SGL is:

– Max value of             is on axis:

– The gain is very sensitive to 

• motion in the image plane 

• along the optical axis

– If 𝜌 increases, gain decreases 

(while oscillating)

– For a fixed 𝜌, the gain slowly 

increases (while oscillating), 

while F is increasing 
Gain of the SGL as seen in the image plane as 
a function of possible observational wavelength

focal beam of 

extreme intensity
21
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FIG. 6: Left : amplificat ion and the corresponding Airy pat tern of the SGL plot ted for two wavelengths at the heliocent ric
distance of z = 600 AU. The solid line represents λ = 1.0 µm, the dot ted line is for λ = 2.0 µm. Right : a three-dimensional

representat ion of the Airy pat tern in the image plane of the SGL for λ = 1.0 µm with the peak corresponding to direct ion
along the opt ical axis.

Given the fact that in the focal region of the SGL, the rat io rg/ r ≪ 1 is very small, the terms in (129)–(131) that
include this rat io may also be omit ted. As a result , using (122) for the argument of the Bessel funct ion, we can present
the components of the Poynt ing vector (129)–(131) in the following most relevant form:

S̄z =
c

8π
E 2

0

4π2

1− e− 4π2 r g / λ

rg

λ
J 2

0 2π
ρ

λ

2rg

z
, (134)

with S̄ρ = S̄φ = 0 for any pract ical purposes. Note that in the case when rg → 0, the Poynt ing vector reduces to its
Euclidean spacet ime vacuum value, namely S̄ → S̄0 = (0, 0, (c/ 8π)E 2

0 ), which may de deduced from (53) by taking
rg = 0. Note that in the limit λ/ rg → 0, (134) corresponds to the geometric opt ics approximat ion which yields a
divergent intensity of light on the caust ic.

Result (134) completes our derivat ion of the wave-theoret ical descript ion of light propagat ion in the background of
a gravitat ional monopole. The result that we obtained extends previous derivat ions that are valid only on the opt ical
axis (e.g., [16]) to the neighborhood of the focal line and establishes the structure of the EM field in this region. As
such, it presents a useful wave-theoret ical t reatment of focusing light by a spherically symmetric mass, which is of
relevance not only for the SGL discussed here but also for microlensing by objects other than the Sun.

I V . T OW A R D S A SOL A R G R AV I TAT I ON A L T EL ESCOP E

We now have all the tools necessary to establish the opt ical propert ies of the SGL in the region of interference, i.e.,
at heliocent ric distances z ≥ z0 = R2

⊙/ 2rg = 547.8 AU on the opt ical axis. First , given the knowledge of the Poynt ing
vector in the image plane (134), we may define the monochromat ic light amplificat ion of the lens, µ, as the rat io of
the magnitude of the t ime-averaged Poynt ing vector of the lensed EM wave to that of the wave propagat ing in empty
spacet ime µ = S̄/ |S̄0|, with |S̄0| = (c/ 8π)E 2

0 . The value of this quant ity is then given by

µz =
4π2

1− e− 4π2 r g / λ

rg

λ
J 2

0 2π
ρ

λ

2rg

z
. (135)

As evident from (134), we see that the largest amplificat ion of the SGL occurs along the z axis. The other components
of the Poynt ing vector are negligible.

We now consider the light amplificat ion of the SGL in the focal region. Figure 6 shows the result ing Airy pat tern
(i.e., the point spread funct ion or PSF) of the SGL from (135). Due to the presence of the Bessel funct ion of the zeroth
order, J 2

0 (2
√

x), the PSF falls off more slowly than tradit ional PSFs, which are proport ional to J 2
1 (2

√
x)/ x2, as seen in

Fig. 7. Thus, a non-negligible fract ion of the total energy received at the image plane of the SGL is present in the side
lobes of its PSF. This indicates that for image processing purposes, one may have to develop special deconvolut ion
techniques beyond those that are present ly available (e.g., [24, 25]), which are used in modern microlensing surveys.
Most of these techniques rely on raytracing analysis and typically are based on geometric opt ics approximat ion.
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Point-spread 
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the SGL
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gravity field. This bending effect (towards the body) depend on the mass of the body M

and the light ’s impact parameter b relat ive to the deflector. For the Sun this effect may be

expressed as:

αNewt on(b) =
2GM⊙

c2b
≃ 0.877
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b
arcsec (1)

αGR(b) =
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. (5)
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b
, r ≤

b2
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b
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(7)

α0 =
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≈ 8.5 µrad → α(b) = α0

R⊙

b
rg =

2GM⊙

c2
≈ 2.95 km (8)

– 4 –

gravity field. This bending effect (towards the body) depend on the mass of the body M

and the light ’s impact parameter b relat ive to the deflector. For the Sun this effect may be

expressed as:

αNewt on(b) =
2GM⊙

c2b
≃ 0.877

R⊙

b
arcsec (1)

αGR(b) =
2(1+ γ)GM⊙

c2b
≃ 1.75

1 + γ

2

R⊙

b
arcsec (2)

µz(ρ, z, λ) ∼= 4π2 rg

λ
J 2

0 2π
ρ

λ

2rg

z
(3)

µz(0, z, λ) ∼= 4π2 rg

λ
(4)

µz =
4π2

1− e− 4π2r g / λ

rg

λ
J 2

0 2π
ρ

λ

2rg

z
. (5)

sinθ ≈
b

r
−

2rg

b
, r ≤

b2

2rg

(6)

sinθ ≈
2rg

b
−

b

r
, r ≥

b2

2rg

2α0 =
4rg

R⊙

R⊙

b
(7)

α0 =
2rg

R⊙

≈ 8.5 µrad → α(b) = α0

R⊙

b
rg =

2GM⊙

c2
≈ 2.95 km (8)

Turyshev & Toth, Phys. Rev. D 96, 024008  (2017)

Herlt & Stephani, IJMP 15, 45 (1976)
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The image within the Einstein ring

Credit: ESA, Hubble & NASA Wikimedia
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Properties of the Solar Gravity Lens

• Important features of the SGL (for 𝜆 = 1 𝜇m):

– Major brightness magnification: a factor of 1011 (on the optical axis);

– High angular resolution:  ~0.5 nano-arcsec. A 1-m telescope at the SGL 

collects light from a ~(10km × 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.

• Collecting area of a 1-m telescope at the SGL’s focus:

– Telescope with diameter d0 collects light with impact parameters 𝛿b≃d0;

– For a 1-m telescope at 750AU, the total collecting area is: 4.37×109 m2, 

which is equivalent to a telescope with a diameter of ~80 km… 

telescope
image

Sun

impact 

parameter
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Imaging Exoplanets with the Solar Gravitational Lens

Credit: J. DeLuca

Video Not Embedded in the PDF

https://www.youtube.com/watch

?v=Hjaj-Ig9jBs

Or see HAL5 website 

(www.HAL5.org look for August 

14, 2018 program page for video

https://www.youtube.com/watch?v=Hjaj-Ig9jBs
http://www.hal5.org/
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Do not point at the Sun!!!!

Granulation 

of solar surface

A solar flare

Coronal 

mass ejection
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Effects of plasma on the Solar Lens

• Total deflection: gravity & plasma

– Note the opposite sign. For observer: 

gravity bends the ray outwards, plasma 

inwards, and the different dependence 

on    , plasma being steeper.

Refraction of radio-waves in the solar atmosphere: 

the steady-state model, and X- and K-bands radio 

freqs. The absolute value for GR is also shown. 

• Moving the interference zone out:

– For impact parameters  

.  
Effective optical distances for different freqs

and impact parameters. From top to bottom: 

170 GHz, 300 GHz, 500 GHz, and last 1 THz. 

For 1 um refraction in the solar corona is not an issue, but brightness needs to be addressed  
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Solar corona brightness
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Coronagraph study: sun disc & solar corona

• Contrast @ E-ring: 2e-7 

– w/o corona: 1.4e-7

• E-ring planet core PSF 
throughput: ~ 10%

– Lyot + Occulter
over +/- l/D

2e-7 NI at E-ring 
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Albedo model high resolution map

Deep Space Climate Observatory (NOAA, Feb. 11, 2015):

Earth Polychromatic Imaging Camera (EPIC)
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Rotational deconvolution

High SNR allows for 

• High-resolution 

spectroscopy

• Allows reconstruction 

of a 2-D albedo map 

from annual variation 

of the disk-integrated 

scattered light using 

technique of spin-orbit 

tomography (i.e., 

rotational 

deconvolution)

• Next step is a direct 

deconvolution
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Image formation by the SGL

• – impact parameter, 

• – – distance in the image plane, 

• – 2D convolution operator.Accretion disk around a black hole as a test 

object for convolution by the PSF of the SGL.

Image obtained after convolution. Photon 

noise is added, corresponding to 100 ph/pixel

De-convolved image using the SGL’ PSF. Low-

pass filtering in spatial frequencies is applied

L. Koechlin et al., Exp Astron (2005) 20:307–315
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The solar wobble

Astrometric displacement of the 

Sun due to Jupiter as at it would 

be observed from 10 parsecs, 

or about 33 light-years.

Center of the Sun shown as dots monthly from 

1944 to 2020 with actual size of the sun shown 

at its average position, during this time period



Direct Multipixel Imaging and Spectroscopy of an Exoplanet 
with a Solar Gravity Lens Focus (SGLF) Mission

Concept

• SGLF provides a major gain (~1011 at 1um), 
resolution of 10-9 arcsec in a narrow FOV; 

• A 1-m telescope at ~750AU has a collecting 
area equivalent ~80 km aperture in space;

• A mission to the SGLF could image Earth 2.0 
up to 30pc away with resolution to ~10km to 
see surface features; 

• A small s/c with electric propulsion (or solar 
sails) can reach the SGLF in <35-40 yrs.

Proposed Study and Approach

• Define baseline design, sub-syst components;

• Define mission science goals & requirements;

• Develop system and subsystem requirements;

• Study mission architecture and con-ops;

• Assessment of feasibility (cluster) small-sats; 

• Identify technology development needs; 

• Study instruments & systems: power, comm, 
pointing, s/c, autonomy, coronagraph, nav, 
propulsion, raster scan in the image plane, etc.

Benefits

• A breakthrough mission concept to resolve a 
habitable exoplanet at modest cost/time;

• Could find seasonal changes, oceans, 
continents, life signatures on an exo-Earth;

• Small-sat & fast exit from the solar system;

• Electric propulsion for raster-scanning the 
image using tethered s/c (or cluster); 

• SLGF is valuable for other astrophysics and 
cosmology targets. Earth with resolution of (1000 × 1000) pixels.

An imaging mission to SGLF appears to be feasible, but needs further study
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