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Gravitational Lens of the Sun

Figure 1: 
Basic geometry of the gravitational lens of the Sun: 

the minimal focal length at 550 AU 
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and the FOCAL spacecraft position.



Gravitational Lens of the Sun

• The geometry of the Sun gravitational lens is easily• The geometry of the Sun gravitational lens is easily
described: incoming electromagnetic waves (arriving, for
instance, from the center of the Galaxy) pass outside the Sun

d i hi i di f iand pass within a certain distance r of its center.

• Then a basic result following from General Relativity shows
that the corresponding d fl ti l ( ) at the distancethat the corresponding deflection angle (r) at the distance r
from the Sun center is given by (Einstein, 1907):

4GM( ) .4
2 rc

GMr Sun=α

3



Gravitational Lens of the Sun

• Let’s set the following parameters for the Sun:Let s set the following parameters for the Sun:
1. Assumed Mass of the Sun: 1.9889164628 . 1030 kg, that is 

μSun = 132712439900 kg3s-2

2. Assumed Radius of the Sun: 696000 km
3. Sun Mean Density: 1408.316 kgm-3

4 S h hild di f th S 2 953 k4. Schwarzschild radius of the Sun: 2.953 km
One then finds the BASIC RESULT:

MINIMAL FOCAL DISTANCE OF THE SUN:MINIMAL FOCAL DISTANCE OF THE SUN: 
548.230 AU ~ 3.17 light days ~ 

13 86 ti th S t Pl t di t
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13.86 times the Sun-to-Pluto distance.



Larger and larger Telescopes...

• Wherever in space there are intelligent creatures like us, they
ill b d i t l d d t d i j twill be driven to explore and understand our universe, just as we

do. We and they wish to see to the farthest depths of space with
the greatest clarity allowed by the laws of nature. To this end, we
build, at great expense, ever more powerful telescopes of all
kinds on Earth, and now in space.

• As each civilization becomes more knowledgeable they will• As each civilization becomes more knowledgeable, they will
recognize, as we now have recognized, that each civilization has
been given a single great gift: a lens of such power that no
reasonable technology could ever duplicate or surpass its power.
This lens is the civilization's star. In our case, our Sun.

• The gravity of each such star acts to bend space and thus the
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The gravity of each such star acts to bend space, and thus the
paths of any wave or particle, in the end creating an image just as
familiar lenses do.



Every  Star  IS  a Telescope !!!

• This lens can produce images which would take perhapsThis lens can produce images which would take perhaps
thousands of conventional telescopes to produce. It can
produce images of the finest detail of distant stars and
galaxiesgalaxies.

• Every civilization will discover this eventually, and surely
will make the exploitation of such a lens a very high priorityp y g p y
enterprise.

• One wonders how many such lenses are being used at this
t i ti t th i t i fl d fmoment in time to scan the universe, capturing a flood of

information about both the physical and biological realities
of our time.
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Infinity of Focuses > 550 AU

• There is an infinity of focuses from 550 AU outward in any
direction. Thus, 550 AU is actually the minimal focal sphere.

• In the practice, we won’t have to stop a spacecraft just at 550
AU but we just let it goAU, but we just let it go.

• The further the spacecraft goes beyond 550 AU, the better it is.
In fact, radio waves impinging on the spacecraft at distances
higher than 550 AU will have to cross less and less dense layers
of the Solar Corona.

• The Solar Corona is difficult to model Essentially because of• The Solar Corona is difficult to model. Essentially, because of
the radially decreasing electron density, the Solar Corona acts
as a divergent lens opposing the convergent lens of gravity.
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• We shall study the Corona later. Just the Naked Sun for now.



Gain of Any Star as a Lens

• The “gravity lens” concept means that the Sun (and any other
massive celestial body) is an antenna since it can increase the
intensity of the signal, by virtue of its deflection.

W d fi th G i i t d t t G th ti• We define the Gain associated to any star, Gstar, as the ratio
between the intensity of the signal in presence of the star
compared to the intensity of the signal without the star. It can be
proven that, along the focal axis, one has

( ) π
πλ 18

4
2

2 MGr
G starg

The gain is constant along the focal axis but is wavelength-

( )
λλ

πλ 4 2 ⋅==
c

Gstar
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g g g
dependent. There, rg is the Schwarzschild radius of the star.



Sun Gain at Some Frequencies

• In the following table we remind on-axis GAIN of the
gravitational lens of the naked Sun lens for seven important
frequencies:

Line 
Neutral 

Hydrogen
OH 

maser
Water 
maser

Ka 
Band

CMB 
peak

Visible
red

Visible
Violet

Frequency 1.420 1.6 22 32 160 4.3 10^5 5.5 10^5
ν (GHz)

Wavelength
λ (cm)

21 18 1.35 0.937 0.106 700 nano 
m

400 nano 
m

Naked Sun 
Gain (dB)

57.4 57.9 69.3 71.46 80.40 112.22 114.65
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Off Axis Gain for any Star

• Off axis, when the spacecraft is at a distance ρ from the focalOff axis, when the spacecraft is at a distance ρ from the focal
axis, and when it is at a distance z from the star, the gain can be
proved to be:
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where J0(x) is the Bessel function of order zero and argument x

• The total gain for the combined (Star + receiving antenna)e total gain o t e co b ed (Sta ece v g a te a)
system is:

)()()( λλλ antennastarTotal GGG ⋅=

10and so it increases with the CUBE of the frequency (next slide).



Total Gain of Star+Spacecraft

• If a spacecraft (S/C) has an antenna with radius rantenna andIf a spacecraft (S/C) has an antenna with radius rantenna and
efficiency kantenna, the spacecraft antenna gain is given by

224π ttantennaphysical krkA ⋅⋅

and is proportional to the inverse of λ2

22
44)(

λ
π

λ
πλ antennaantennaantennaphysical

antenna
krG ==

and is proportional to the inverse of λ .

• The total gain for the combined (Star+S/C receiving antenna)
system is proportional to the inverse of λ3 and is:system is proportional to the inverse of λ and is:

3
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Sun comes BEFORE interstellar!

• Sun’s Focus Comes FIRST. 

• Interstellar Target Comes SECOND.

1) The Sun’s gravity focus is MUCH CLOSER than the target star,
actually hundreds or thousand of times closer according to the
target star (for α Cen it is 253 times closer than 1000 AU, where
the “true” focus is found by taking the CORONA into account.the true focus is found by taking the CORONA into account.

2) BEFORE any interstellar probe is launched towards a nearby star,
we need a highly magnified radio-map of whatever lies around thatg y g p
star. And this can be achieved only by sending a probe to the
opposite direction to let the Sun magnify!
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3) It is much CHEAPER to reach 550 AU or 1000 AU than hundreds
of AU, and it takes so much time less!



The Solar Corona

S f h b d ith th N k d St• So far, we have been concerned with the Naked Star
Gravitational Lens, due to a spherical distribution of Mass.

• However, above the surface of the Sun, the Corona extends
into space across distances that are comparable to the Sun

di d th l ff t l li t thradius, and the coronal effects may only complicate the
physical picture of the Sun as a gravitational lens.

• How does the Sun Corona affect the electromagnetic waves
convergence? How does the Sun Corona affect the
l i i ?
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electromagnetic waves gain?



The Baumbach-Allen Model
• The story of the Baumbach-Allen model of the Corona began

in the 1930’s, when the German astronomer S. Baumbach
worked out and published a formula yielding the density of
electrons in the Coronal Plasma. Baumach’s formula reads:

⎤⎡ ⎞⎛⎞⎛⎞⎛
2616 rrr

• b is of course the “impact parameter” (the radial distance from
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b is of course the impact parameter (the radial distance from
the Sun’s center) and is measured in units of the Sun radius.

• In 1947, the Australian astronomer C. W. Allen confirmed the
validity of the above equation but re-interpreted one of thevalidity of the above equation but re interpreted one of the
terms in Baumbach’s formula proving what is now called the
Baumbach-Allen model of the Corona, where the plasma
density around the Sun varies as a combination of and power
l f h h h b 10 l dii
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laws, from the photosphere to about 10 solar radii.



Corona Deflection Angle

• In 1998, starting from the Baumbach-Allen model, Andersson
and Turyshev of JPL gave in the following empirical formula for
the deflection angle θ (b ν) caused by the coronal plasmathe deflection angle θplasma(b,ν) caused by the coronal plasma
effects and opposed to the action of gravity:
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Focusing Requirements

• Solving the two equation system,

criticalb νν >)(),( νϑ
D
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a critical frequency νcritical can be found, such that there is 
convergence if and only ifconvergence if and only if

(b) >
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ν(b) > νcritical



Critical Frequency & More…

• The critical frequency is
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• Therefore, the EFFECTIVE MINIMAL FOCAL DISTANCE
turns out to be
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• Where νcritical(rs) = 122 GHz is the critical frequency of the 
Schwarzschild radius of the Sun. 



Focal Dist. with the CORONA

Assume that ν > 122.361 GHz, and consider a diagram as follows:

• On the horizontal axis we have the “impact parameter” b i.e. the
distance at which the bypassing waves graze the Sun’s surface.

• On the vertical axis we have the focal distance (in AU) at which
are focused just those radio waves that graze the Sun with impact
parameter b i e the EFFECTIVE MINIMAL FOCAL DIST.parameter b, i.e. the EFFECTIVE MINIMAL FOCAL DIST.

• The second thick, solid curve from the top of the following figure
corresponds to radio waves having the “critical” frequency ofp g q y
122.361 GHz, at which no more focusing occurs because the
outward deflection due to the coronal plasma counterbalances the
inner deflection due to gravity We are only interested to radio
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inner deflection due to gravity. We are only interested to radio
waves having frequency higher than of 122.361 GHz.



Effective Minimal Focal Dist.
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Geometric Locus of Minima

• We see that the effective minimal focal distance decreases forWe see that the effective minimal focal distance decreases for
increasing frequencies, and nearly reaches the “gravity only”
value of 550 AU for 1000 GHz ore more.

• The equation of the geometric locus of all the minima can be
proven to be the following parabola:

( )
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min min
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ASTRODYNAMICS: Max Speed 

SOLAR SYSTEM EJECTION PROBLEM :SOLAR  SYSTEM  EJECTION  PROBLEM :
• Find the sequence of optimal FLYBYS within the 

solar system such thatsolar system such that 
• THE SUN FLYBY IS THE LAST ONE and 
• the Focal probe LEAVES the solar system at the• the Focal probe LEAVES the solar system at the 

MAXIMUM POSSIBLE SPEED… 
• and in the direction OPPOSITE to the target star• and in the direction OPPOSITE to the target star.  
• This problem was first considered by K. Ehricke in 

1972
21

1972.
• Today’s Astrodynamics would find better solutions!



INTERFEROMETRY  in  space
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INTERFEROMETRY  in  space
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Deep Space LINK: KLT vs. FFT

KLT FFTKLT FFT
Works well for both wide 

d b d i l
Rigorously true for narrow 
b d i l land narrow band signals band signals only

Works for both stationary 
d

Works OK for stationary 
hand non‐stationary input 

stochastic processes
input stochastic processes 
only

Is defined for any finite  Is plagued by the 
time interval “windowing” problems

Needs high computational 
burden: no “fast” KLT

Fast algorithm FFT
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burden: no  fast  KLT



BOOK  by  Claudio  Maccone
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NASA  Interstellar  Probe  (ISP)

Interstellar Probe
Exploring the Interstellar 

Medium and the 
Boundaries 

f th H li hof the Heliosphere

• Interstellar Probe
• Exploring the p g

Interstellar 
Medium and the 
Boundaries of the 
Heliosphere
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Heliosphere



ESA  Interstellar  Probe
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Janhunen’s  Electric  Sail  (2006)  
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Alpha Centauri A as a 
Gravitational LensGravitational Lens

• The following data apply to Alpha Centauri A:The following data apply to Alpha Centauri A:
1. Mass of Alpha Centauri A: 2.2351443209 . 1030 kg, that is 

μ = 1.1238 μSun.
2. Radius of Alpha Centauri A: 821280 km, that is 1.18 times 

the Sun radius.
3 Alpha Centauri A Mean Density: 963 259 kgm-33. Alpha Centauri A Mean Density: 963.259 kgm 3

4. Schwarzschild radius of Alpha Centauri A: 3.318 km
5. Minimal Focal Distance of naked Alpha Centauri A: 5. a oca sta ce o a ed p a Ce tau :

679.262 AU ~ 3.92 light days ~ 17.17 times the Sun-to-
Pluto distance.

6 Wh i h Eff i Mi i l F l Di ?
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6. What is the Effective Minimal Focal Distance ?



Thanks !
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