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History of Lensing



Newtonian and GR predictions

Gravitational lensing first proposed by Soldner (1801) in context of Newtonian theory. 
He found a deflection angle

Einstein derived same result in 1911 using Equivalence principle & Euclidean metric 

In 1915 with general relativity, Einstein derived the new result
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For sun gives 0.85”

For sun gives 1.7”

Freundlich’s efforts to measure this during an Eclipse in the Crimea were foiled by the 
outbreak of WWI and his arrest by the Russians...



Eddington and the Eclipse

DETERMiINATION OF DEFLECTION OF LIGHT BY THE SUN'S GRAVITATIONAL FIELD. 331 

The result from declinations is about twice the weight of that from right ascensions, 
so that the mean result is 

1"-98 

with a probable error of about +0" 12. 

The Principe observations were generally interfered with by cloud. The unfavourable 

circumstances were perhaps partly compensated by the advantage of the extremely 
uniform temperature of the island. The deflection obtained was 

1"-61. 

The probable error is about +0"'30, so that the result has much less weight than 

the preceding. 
Both of these point to the full deflection 1" 75 of EINSTEIN'S generalised relativity 

theory, the Sobral results definitely, and the Principe results perhaps with some un- 

certainty. There remain the Sobral astrographic plates which gave the deflection 

0".93 

discordant by an amount much beyond the limits of its accidental error. For the 

reasons already described at length not much weight is attached to this determination. 

It has been assumed that the displacement is inversely proportional to the distance 

from the sun's centre, since all theories agree on this, and indeed it seems clear from 

considerations of dimensions that a displacement, if due to gravitation, must follow this 

law. From the results with the 4-inch lens, some kind of test of the law is possible 

though it is necessarily only rough. The evidence is summarised in the following table 

and diagram, which show the radial displacement of the individual stars (mean from all 

the plates) plotted against the reciprocal of the distance from the centre. The displace- 
ment according to EINSTEIN'S theory is indicated by the heavy line, according to the 

Newtonian law by the dotted lire, and fron these observations by the thin line. 

RADIAL Displacement of Individual Stars. 

Star. Calculation. Observation. 

11 0 32 0-20 
10 0-33 0-32 
6 0-.40 0 56 
5 [ 0-53 0-54 
4 0-75 084 
2 0-85 0-97 
3 1 088 1 02 
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Using data taken during a solar eclipse in 1919, Eddington 
measured a value close to that of the GR prediction

332 SIR F. W. DYSON, PROF. A. S. EDDINGTON AND MR. C. DAVIDSON ON A 

Thus the results of the expeditions to Sobral and Principe can leave little doubt that 

a deflection of light takes place in the neighbourhood of the sun and that it is of the 

amount demanded by EINSTEIN'S generalised theory of relativity, as attributable to 

the sun's gravitational field. But the observation is of such interest that it will 

probably be considered desirable to repeat it at future eclipses. The unusually 
favourable conditions of the 1919 eclipse will not recur, and it will be necessary to 

photograph fainter stars, and these will probably be at a greater distance from the sun. 
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This can be done with such telescopes as the astrographic with the object-glass stopped 
down to 8 inches, if photographs of the same high quality are obtained as in regular 
stellar work. It will probably be best to discard the use of coelostat mirrors. These 

are of great convenience for photographs of the corona and spectroscopic observations, 
but for work of precision of the high order required, it is undesirable to introduce 

complications, which can be avoided, into the optical train. It would seem that some 

form of equatorial mounting (such as that employed in the Eclipse Expeditions of the 
Lick Observatory) is desirable. 

In conclusion, it is a pleasure to record the great assistance given to the Expeditions 
from many quarters. Reference has been made in the course of the paper to some 
of these. Especial thanks are due to the Brazilian Government for- the hospitality 
and facilities accorded to the observers in Sobral. They were made guests of the 

Dyson, Eddington, 
& Davidson 1920

(bizzarely if not
for this then

Eddington might 
well have been 
imprisoned for 
being a pacifist)



Zwicky’s leap

• Although calculations of lensing by other stars 
were carried out the small angular separations 
of the images led to pessimism that they could 
be seen

• In 1937, Zwicky made the jump of suggesting 
that extragalactic nebulae (galaxies) would 
produce well separated images that could be 
observed
- by applying the virial theorem to the Coma 
and Virgo clusters he was 
(correctly) using masses ~400 times larger 
than was then believed

• He pointed out that gravitational lensing would 
allow the study of objects at greater distances 
(via magnification), that many arcs should be 
visible, and the importance of magnification 
bias in magnitude limited samples.

Zwicky 1937



Discovery of 0957+561
• The first concrete example of a gravitational lens was reported in 1979 in 

the form of the quasar QSO 957+561 A,B found at z~1.4
(Walsh, Carswell & Weymann 1979).  Two seen images separated by 6”.

• Evidence that this is a lens comes from

1. Lensing galaxy detected at z~0.36

2. Similarity of the spectra of the two images

3. Ratio of optical and radio fluxes are consistent between two images

4. VLBI imaging showed detailed correspondence between small scale features
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Images of QSO 0957+561
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Lya ABSORPTION-LINE SYSTEMS 599

exhibits both damped and undamped Lya absorption
systems, which are at distinct redshifts of zdamped \ 1.3911
and respectively Carswell, &zLya \ 1.1249, (Walsh,
Weymann et al. et al.1979 ; Weymann 1979 ; Young 1981a).
In this paper we present HST FOS spectra obtained of the
individual lensed components, 0957]561A and B, and an
analysis of metal and hydrogen-line absorption in each
lensed component. The quality of the data allows detailed
analysis that was not possible in previous studies of this
system.

2. OBSERVATIONS

FOS spectra were obtained with the G270H grating (blue
detector) which covers the wavelength interval jj2152È3350
in the local rest frame (LRF). The wavelength uncertainty is
*j B 2 (R \ j/*j \ 1300), but the wavelength accuracyÓ
was improved with the use of galactic interstellar lines as
�ducials (see below). These spectra were acquired at roughly
2 week intervals as part of a monitoring campaign(Table 1)
to study small-timescale QSO emission variability to deter-
mine if emission lines arising from ions with di†erent ioniza-
tion potentials vary independently from each other (Dolan
et al. Here, we report only results relevant to several1995).
absorption-line systems which are present in the spectrum
of the lensed components.

Target acquisition was performed on the brightest lensed
component 0957]561A, which was centered in the 0A.86
diameter circular aperture. Accurate small o†set maneuvers
of were used to subsequently center the same apertureD6A.2
on 0957]561B. Five spectra were obtained of each com-
ponent. Exposure times of 420 s (0957]561A) and 500 s
(0957]561B) were sufficient to obtain high signal-to-noise
ratio (S/N) for QSO emission lines. In the �veFigure 1,
spectra of each component were co-added in order to
increase the S/N in the continuum and in absorption
features.

The spectra were reduced with the standard FOS pro-
cessing system using calibration constants from FOSCAL
Version 1.3.2.3 (e†ective dates 1995 August 31 through 1996
March 18), and were analyzed with astronomical spectros-
copy application programs available in the International
Ultraviolet Explorer (IUE) Interactive Data Language
(IDL) system. The same exposure time was used at each
observation for each component which resulted in(Table 1),
a S/N D 3 at the bottom of the Lya absorption trough for
component A and B at every epoch. The �ve spectra for
each lensed component were co-added by weighting equally
the Ñux from each observation ; the co-added spectra have a
S/N which is greater by a factor º2 compared each individ-

TABLE 1

OBSERVATION PROGRAM

Julian Date Lens Exposure
Epoch Date (2,450,000]) Component Time (s)

1 . . . . . . 1995 Nov 4 011.27 A 420
B 500

2 . . . . . . 1995 Nov 18 025.77 A 420
B 500

3 . . . . . . 1995 Dec 2 039.35 A 420
B 500

4 . . . . . . 1995 Dec 16 053.22 A 420
B 500

5 . . . . . . 1995 Dec 30 066.42 A 420
B 500

FIG. 1.ÈCo-added spectra of lens components Q0957]561A (top) and
B (bottom). Lya, O VI, and N V quasar emission lines are present. The
wavelength scale corresponds to the quasar redshift Absorp-zQSO \ 1.41.
tion lines associated with the damped Lya system at andzdamped \ 1.3911,
Lya and O I absorption at are shown as open and �lledzLya \ 1.1249,
triangles, respectively. Interstellar absorption (ISM) from Mg and Fe II

absorption is also indicated. Note the strong absorption associated with
features formed in the damped Lya system. QSO Lyb emission is a†ected
by the strong wings of O VI which degrades its Ñux. The absolute Ñux scale
should be multiplied by a factor to properly correct for the(1 ] zQSO)
transformation into the quasar rest frame.

ual spectrum. Co-addition was made after cross-correlating
the Lya emission centroids to remove any systematic error
in wavelength registration ; the residuals were D0.05 Ó.

Strong absorption corresponding to the damped Lya
and the Lyman limit system(zdamped \ 1.3911) (zLya \

1.1249) were detected in both lens components (Fig. 1).
Interstellar absorption lines of Mg II jj2795, 2802 and
Fe II(1) jj2260, 2383, 2600 were also found and(Table 2),
used to recalibrate the wavelength scale that decreased the
wavelength uncertainty to *j D 0.5 The equivalentÓ.
widths were obtained after deredshifting to the(W j) and rest frames and mea-zdamped \ 1.3911 zLya \ 1.1249
sured relative to the local continuum after co-addition of
spectra. If we assume the spectrum is represented by a

TABLE 2

INTERSTELLAR ABSORPTION LINES IDENTIFIED IN 0957]561A AND B

j j Wj Log Cosmic
Ion (vac)a (FOS)b (mÓ)c f a Abundance

Mg II . . . . . . 2803.53 2804.16 1421 0.3054 7.59
Mg II . . . . . . 2797.92 2796.98 1346 0.9177 7.59
Fe II . . . . . . . 2600.17 2600.33 722 0.2239 7.51
Fe II . . . . . . . 2382.04 2383.53 890 0.3000 7.51
Fe II . . . . . . . 2260.08 2260.05 284 0.0037 7.51

a Morton 1991.
b Wavelength uncertainty ^2 Ó.
c Equivalent width uncertainty ^200 mÓ.
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“Huchra’s Lens”
• Quadruply-imaged quasar Q2237+0305 “Einstein Cross” z=1.7

with image separation ~1.8” -> elliptical lens

• Lensing galaxy is ZW2237+030 “Huchra’s Lens” at z=0.04 Huchra+(1985)

Nearby and isolated
-> key system for testing GR



Cluster Arcs
• In 1986, two groups discovered stretched arcs in clusters of galaxies at high 

redshift.  “giant luminous arcs” - very thin in radial direction (unresolved)

• Light from arc confirmed to be from a much higher redshift source

• Confounded expectations based on pre-ROSAT X-ray observations that the 
surface mass density of clusters was too low to cause strong lensing

• Suddenly everyone found arcs in their old data... 

Abel 370 - HST 



Basic Theory



Gravitational Deflection

• Derive gravitational deflection angle α from GR - just sketch elements here
see e.g. Carroll for a complete treatment

• Metric:

• Poisson Equation:

• Geodesic equation:

• Null path condition:

• Solve for photon path assuming that deflection is small so can treat as a 
small perturbation and integrate along the undeflected path to obtain

• Deflection angle: 
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Example: Point mass
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Start here:

Poisson eq. gives
potential:

Deflection
angle follows:


