
the high latitudes and parts of Eurasia (1 3 )  
than the North  Atlantic S S T  patterns (1 2 ) .  

T h e  spatial structure of the breakdown of 
predictability call be assessed through a se- 
ries of enseinble variance maps. Maps taken 
everv other year for e~lse~l lble  1's ellselllble 
\Tarlance for North Atlantic dynamic topog- 
raphy (Fig. 4) shon. that ense~nble variance 
is initially large in the region directly south 
of Greenland. Soon thereafter, large values 
are observed off the  coast of east Greenland, 
nhicl1 subsequently spread into the north- 
ern and north\vestern part of the Atlantic. 
Analvsis of convection reveals that the re- 
gio~ls of early \~ariance groxvth are also re- 
.ions associated with the model's d e e ~  water 
L 

formation. Convection acts as a downward 
pathway for atmospheric signals. T h e  atmo- 
spheric signals were initialized differently for 
each ineinber of the  ensemble, and therefore 
it may he speculated that convectio11 can 
enhallce the rate of variance gron~th. 

Our  results suggest that the  basis for long- 
term North  Atlantic cliinate predictions 
rests o n  three physical properties of the 
North Atlalltic Ocean. First, the  ocean in- 
tegrates the mostly "noisy" atmospheric 
fluxes, t h ~ l s  producing a red power spectrum 
for oceanic urouerties o n  time scales sub- 

L L 

stantially longer than those of the synoptic 
atmosphere (1 7) .  This integrative property 
provides a long-term meinory for the cou- 
riled ocean-atmos~here svstetn and can be 
exploited for dalnped persistence predictions 
(22).  Second, there is the special feature of 
the North Atlantic variability that involves 
the very active uarticiuatioll of therinoha- 
line dynamics that can provide a sig~lificallt 
oscillator\ colnuonent to the ~nultidecadal 
variability. These damped, roughly linear, 
oscillatiolls in the oceanic c i r c~~ la t ion  in- 
crease the alllplit~lde of water Inass challges 
at low freque~lcies over what call be expect- 
ed from a purely red n o w  process. T h e  
signal from this oscillatioll call potentially 
be exploited for making usef~ll ~ll~llt iyear to 
~ll~lltidecadal oceanic predictions. Third, 
strollg variations a t  high latitudes near 
Greenlanil are seen in  SST, \vhich can in- 
fluence at~nospheric variability extellding in 
a predominantly downstream direction 
ieastnard) 11 3 ). These variatio~ls can also , ,  , 

be associated with extreme events in the 
North Atlantic variabilitv. \vhich are them- 
selves quite predictable. In general, we con- 
jecture that oceanic predictability of the 
North Atlantic and high-latitude multidec- 
adal variability is greater (reaching up to 10 
to 2C years) n h e n  the \,ariability has a larger 
amplitude, including Inore extreme events. 
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The Origin of Gravitational Lensing: A Postscript 
to Einstein's 1936 Science Paper 
Jurgen Renn, Tilman Sauer, John Stachel 

Gravitational lensing, now taken as an important astrophysical consequence of the 
general theory of relativity, was found even before this theory was formulated but was 
discarded as a speculative Idea without any chance of empirical confirmation. Re- 
construction of some of Einstein's research notes dating back to 191 2 reveals that he 
explored the possibility of gravitational lensing 3 years before completing his general 
theory of relativity. On the basis of preliminary insights into this theory, Einstein had 
already derived the basic features of the lensing effect. When he finally published the 
very same results 24 years later, it was only in response to prodding by an amateur 
scientist. 

Six ty  years ago, Ei~lsteill published a short 
note in Science en t~ t l ed  "Lens-Like Action 
of a Star by the  Deviation of Light in the  
Gravitational Field" (1 ). T h e  note is often 
collsidered as the pioneering study of grav- 
itational lensing, although earlier contribu- 
tions have been recognized [(Z), chap. 11. In 
1920, Eddlngton disc~~ssed the possibility of 
seeing multiple images of a star if a massive 
object, acting as a gravitational lens, is suit- 
ably interposed between the  star and an  
observer ( 3 ) .  A fen; years later, Chwolson 
pointed out that if a star, lens, and observer 
are in alignment, the  observer \vill see a 
ring-shaped image of the star centered o n  
the  lens (4) .  Einstein's paper of 1936 deals 
with both effects in apparent ignorance (5) 
of these publications but is free of some of 
their shortcominos. However, it only ~ i v e s  

the  final forinulas without any derivations. 
In view of this historical account and 
Chwolson's pioneering work, it has been 
suggested (6) that the rlng-shaped inlages 
be renanled "Chwolson rings" rather than 
the current "Einstein rings." 

In the  course of a research uroiect o n  the  
L J 

genesis of general relativity a t  the  Max 
Planck I n s t i t ~ ~ t e  for the  His ton  of Science. 
we have identified and reconstructed calcu: 
lations by Einstein o n  gra\,itational lellsillg 
closely related to his 1936 paper in notes 
dated to the svring of 1912. These notes L, 

show that Einstein had developed the  basic 
theory of gravitational lensing e\,en before 
h e  completed the general theory of relati\.- 
itv 111 1915. 

Explorillg consequences of a heuristic 
ass~unvtion about static gravitational fields, 

L , - 
  in stein in 191 1 pLtblisl& a paper o n  the  

J 2enn and T. Sauer Max Plane4 Ins~~iu ie  for ihe 41s-  deflection of light by the gravitational field 
ton] of Sc~ence, Whemstrasse 44 D-10117 B e r n  of sun (7 ) .  - 1 - 1 ~ ~  vredlction ofligllt benil- 
Germany ~, 

J Stache, Departlnent of Pi-ys~cs. Boston Un~versty, illg lva3 confirlned 1919 
Boston. MA 3221 5, USA. solar eclipse expedition led by Eddington. 
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But in 1912, Einstein was still trying to 
persuade astronomers to test various astro- 
physical consequences of his new ideas on 
gravitation. Erwin Freundlich was one of 
the few astronomers who actively engaged 
in such work. In spring 1912, Einstein, then 
a professor in Prague, visited Berlin where 
he met Freundlich, who was working at the 
Konigliche Stemwarte, the Royal Observa- 
tory. It is quite possible that the issue was 
discussed at a meeting with Freundlich. At 
any rate, Einstein did the gravitational lens- 
ing calculations during his Berlin visit as 
evidenced by notes found in a small note- 
book dated to the period 1910 to 1914 (8) 
(Fig. 1). . - .  

These calculations appear interspersed 
between various notes referring to Berlin 
appointments and addresses during his visit 
of 15 to 22 April 1912 (9). Notes on the 
gravitational lensing effect are contained 
on eight pages of the notebook and primar- 

ily deal with (i) the possibility of a double 
image of the source as a result of gravita- 
tional light bending and (ii) the magnifica- 
tion of the intensity of these images. Ein- 
stein started by sketching the geometrical 
constellation of gravitational lensing with a 
light-emitting source and a lensing star sep- 
arated by a distance R (Fig. 1). An observer 
is located at distance R' from the lens along 
the axis formed by the light source and lens 
and at a small distance r  off of this axis. 
Einstein then wrote down the basic lensing 
equation 

R + R' R ' a  
r=p-- -  R P (1) 

which expresses the condition that a light 
ray passing the lens at a distance p will 
reach the observer. According to Einstein's 
1911 paper (7), the light ray is bent by an 
angle a lp ,  where a depends on the mass of 

the lens and differs by a factor of 2 from the 
value following from general relativity. In- 
troducing dimensionless units, Einstein ar- 
rived at the quadratic equation for p  labeled 
(1) in his notes (Fig. 1). The two solutions 
to this quadratic equation correspond to the 
fact that a light ray can reach the observer 
after passing either side of the lens. 

Considering the apparent brightness of 
the two images, Einstein also correctly cal- 
culated the magnification factor for the in- 
tensity of the deflected light [labeled (3) in 
Fig. 11. On the following pages in the note- 
book, Einstein further discussed this magni- 
fication factor, transforming the bracketed 
expression of the equation labeled (3) in 
Fig. 1 into the form 

Fig. 1. Notes about gravitational lensing dated to 1912 on two pages of Einstein's scratch notebook (12). [Reproduced with permission of the Einstein 
Archives, Jewish National and University Library, Hebrew University of Jerusalem] 
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with ro given as 

[labeled (2) in Fig. 11. He also estimated the 
orders of magnitude of the predicted effects. 

Despite this work in 1912, Einstein did 
not ~ublish his results until 1936. He must 
have already concluded, as he put it in his 
1936 paper, that "there is no great chance 
of observing this phenomenon" [(I) ,  p. 
5071 and ~robablv for this reason did not 
pursue his idea any further. Even when he 
took up the subject again in 1936, it was 
only because of the initiative of an outsid- 
er to the field, a Czech electrical engineer 
and amateur scientist, Rudi W. Mandl. 
Mandl had approached Einstein and asked 
him to consider the possibility of a lensing 
effect caused by gravitational light bend- 
ing. In his endeavors he was supported by 
"a small sum of money," granted to Mandl 
bv the Science Service. to enable him to 
visit Einstein in princeion and discuss his 
ideas (10). Einstein indeed (re)did the 
calculations (whether he recalled that he 
had done the same calculations in 1912 is 
unknown to us) and conceded that the 
results might warrant a brief publication. 

Figure 2 shows the relevant calculations 
for his 1936 paper in a draft headed "Let- 
ter to Mister Mandl," dated 2 June 1936. 

Closer inspection shows that this draft 
contains the two relevant formulas pub- 
lished in his 1936 note: the angle of sight 
for an Einstein ring and the magnification 
factor. What is more surprising is that the 
lensing equation appearing as the first equa- 
tion in Fig. 2 

can be directly translated into the lensing 
equation that appears as the first equation 
in Fig. 1 by making the following identifi- 
cations: R = b, R' = a, p = A, r = x, a = 
~o Ao. 

All consequences follow from the gener- 
al lensing equation, and indeed, the expres- 
sions for the magnification factor obtained 
in 1912 and 1936 are equivalent. The mag- 
nification obtained in 1936 

& L A .  Go) d . / < d /  

r 4 Z& d 2 l  

I , . \ 2 & " - = -  { J . ~  - J,~) 
= 4- /;$I, ,& 9d( a 

Ei &'> '1 

Fig. 2. Calculations on gravitational lensing made by Einstein in 1936 as background for a letter to 
amateur scientist R. W. Mandl. Einstein here derives the equations published in his note of the same 
year. The calculations are essentially equivalent to the ones of 191 2 (Fig. 1). [Reproduced with perrnis- 
sion of the Einstein Archives, Jewish National and University Library, Hebrew University of Jerusalem 
(call no. 3-01 1 -55)] 

with 6 = xb/(a + b) and A = ~,,A&b/(a + 
b), as it appears in the calculation in Fig. 2, 
can in fact easily be transformed into Eq. 2 
by noting that r, = y f l .  

As a result of the persistent urging 
of Mandl, Einstein published these results 
in 1936. As Einstein acknowledged, 
"Some time ago, R. W. Mandl paid me 
a visit and asked me to publish the results 
of a little calculation, which I had 
made at his request. This note complies 
with his wish" [(I), p. 5061. In a letter to 
the editor of Science, James Cattell, Ein- 
stein expressed himself more frankly: "Let 
me also thank you for your cooperation 
with the little publication, which Mister 
Mandl squeezed out of me. It is of little 
value, but it makes the poor guy happy" 
(1 1). In spite of Einstein's pessimism, 
gravitational lensing was observationally 
confirmed in 1979 and has since become 
an important area of astrophysical re- 
search (2). 
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