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ABSTRACT 

Over cosmic time the small fluctuations in dark matter density in the 

early Universe grew via gravitational instability. Until recently our 

view of this process has been indirect, relying on radiation from the 

small baryonic component. If we could measure directly the develop- 

ment of these mass overdensities over a range of scales and look-back 

times, cosmology and the nature of the dark matter would be con- 

strained in a new way. 

Gravitational lensing provides an opportunity to image directly 

these dark matter concentrations. This article is a short tutorial and 

review of recent progress in strong and weak gravitational lens tomo- 

graphic imaging of dark matter. The lens-distorted images of back- 

ground galaxies are inverted, yielding a two-dimensional map of the 

projected dark matter overdensity. The maps cover a range of scales 

and thus constrain the nature of dark matter. On 10 kpc scales, high 

resolution strong lens inversions reveal a soft core in the mass distri- 

bution, unexpected in scale-free cold dark matter N-body simulations. 

On 10 Mpc scales, statistical weak lensing inversion maps of mass show 

the outer mass profile of overdensities in the linear regime. These weak 

lensing studies, using mosaics of CCDs, are opening a new window on 

the Universe. 

@  1998 by Tony Tyson. 
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Fig. 1. Star formation vs look-back time or redshift, from studies of galaxies and 

quasars. The optical Hubble Deep Field data have not been corrected for dust 

absorption in this plot. These distant objects, if resolved, may be used as tools 

for measuring intervening mass concentrations. 

Surprisingly, simulations of structure formation based on “standard” R = 1 

CDM with scale-free Gaussian initial fluctuations and zero cosmological constant 

still make galaxy clusters too late. When normalized to the CMB fluctuations 

on the lo3 Mpc scale found by COBE, standard CDM produces too much power 

today on scales of galaxy clusters, creating relatively too few rich clusters at 

redshift 0.5. Indeed, a successful detailed model of structure formation must be 

compatible with the existence of galaxies at redshifts greater than 5, as well as 

the observed number densities of clusters of galaxies vs redshift. 

Most of the matter in the Universe is of unknown form and dark: Stars (and 

related material) contribute a tiny fraction of the critical density, Q,, = 0.003 f 

0.001h-’ N 0.004, while the amount of matter known to be present from its 

gravitational effects contributes around 100 times this amount, flmatter = 0.3fO.l. 

The gravitational mass of dark matter is needed to hold together everything large 

in the Universe: galaxies, clusters of galaxies, and superclusters. A variety of 

methods for determining the amount of matter all seem to converge on Rmatter N 

l/3; they include measurements of the masses of clusters of galaxies and the 

peculiar motions of galaxies. It is the prospect of directly measuring R, and 

mass structure that is the subject of these notes. 

Finally, the theory of Big Bang nucleosynthesis and the recently measured 

primeval abundance of deuterium3 tightly constrain the baryon density: Obarya = 

(0.02 f 0.002)h-2 N 0.05. The factor of ten discrepancy between this number 

and dynamical and lensing measurements of the matter density is evidence for 

nonbaryonic dark matter. 

2 Historical Perspective 

Dark matter leads to large scale structure formation, via gravitational instability. 

Today, our task is to find out how much there is and where it is. Historically, 

the realization (not widely shared at the time) that large structures, clusters 

of galaxies, were dominated by non-luminous matter came in the 1930s. Fritz 

Zwicky, shown in Figure 2, found an amazingly high dispersion in radial velocities 

of galaxies in a cluster; about an order of magnitude larger than expected from 

the virial theorem if each solar luminosity was assigned one solar mass.4*5 Zwicky 

went on to suggest a number of gravitational lens investigations using galaxies as 

lenses, which are just being done now. It took 30 years for the next decisive step 
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centric with the mass centroid of the cluster. This type of strong lensing forms 

the basis of the highest resolution mass maps (see below). 

Today, we have two kinds of dark matter, and two problems. Hot and cold. 

Baryonic and non-baryonic. Most of the baryonic matter is dark, and most of 

the dark matter is non-baryonic. A key problem with viewing our Universe with 

traditional techniques (velocity dispersion, X-ray gas luminosity) is that we have 

been literally looking under lamp posts. So it is necessary to take what we cur- 

rently know about the mass content of the Universe with a degree of caution. 

With the new tool of gravitational lens tomography, there are several questions 

that may be addressed: Have we found it all? Perhaps there is dark matter out- 

side luminous clusters and superclusters. We already know mass-light segregation 

occurs on some scales. Does the distribution of mass inside clusters agree with 

the N-body theory predictions. 7 Cold dark matter is scale-free. Does the mass 

halo cut off sharply at large radius. 7 What about the vast volume in between 

clusters? Is there dark matter there and what are its morphological properties? 

Fundamentally, we need to weigh space. Given that no complete survey of mass 

by lensing has yet been done, we must remain open minded. Is 52, < 0.5? Is 

R* # O? 

3 Clusters: The Place to Be and Be Seen 

Our view of the Universe traditionally has been baryon-biased: we see or detect 

luminous objects. Yet for the past 15 years it has become more certain that 

the Universe is dominated by non-baryonic dark matter.‘,’ Of course, luminous 

objects, through their dynamics, can supply indirect estimates of the local un- 

derlying mass. On very large scales, our currently favored notion of hierarchical 

structure formation predicts that mass and light should be correlated. 

As overdense regions in the Universe grow, some of them become sufficiently 

overdense that they “freeze out “; inside some radius they overcome the expansion 

of the Universe. As their density rises into the non-linear regime, their internal 

density fluctuation spectrum bears little resemblance to the primeval spectrum. 

However, it is hoped that at least the matter content of clusters is representative 

of the Universe. It is probably too much to hope that their mass-to-light ratio 

is also representative. Traditionally, clusters have been found via their radiation 

(optical light or X-ray). Until recently, the masses of galaxy clusters have played 

a central role in our understanding of dark matter problems. 

Cluster masses can be estimated by three different techniques which, on scales 

of 1 Mpc, give consistent results. The first, which dates back to Zwicky (1933), 

uses the measured velocities of cluster galaxies and the virial theorem to determine 

the total mass (i.e., KEs,, y ]PEs,i]/2). Assuming further that the mass-to-light 

ratio of clusters is the same as the mean mass-to-light ratio in the Universe, one 

can combine measurements of the dispersion of velocities of hundreds of galaxies 

in several clusters with a measurement of the mean light density to arrive at an 

estimate of the mean mass density”: RM M 0.25. If clusters have more luminosity 
per mass than average, this technique would underestimate RM. 

The second method uses the temperature of the hot X-ray emitting intracluster 

gas and the virial theorem to arrive at the total mass. In this method, one must 

assume that the hot gas is pressure supported and in equilibrium. The density 

and temperature profiles of the hot gas must also be obtained. Often temperature 

is not mapped, so isothermality is assumed when inverting flux maps to get the 

potential. 

The third and most direct method is utilizing the gravitational lensing effects 

of the cluster on much more distant galaxies. Light from distant galaxies scatters 

off the mass gravitationally. For small impact parameters, close to the cluster 

center, lensing is strong enough to produce multiple images. Farther out, lensing 

distorts the shape of distant galaxies. The lensing method allows the cluster 
surface mass density to be mapped directly. [In the following I will use h, the 

Hubble constant in units of 100 km s-i Mpc-‘. Recently, h has been measured” 

to 10% accuracy, h = 0.67 * 0.1.1 

X-ray measurements more easily determine the amount of hot, intracluster 

gas; most of the baryonic mass in a cluster resides in this form rather than in the 

mass of individual galaxies (this fact is also confirmed by lensing measurements). 

If we can assume that clusters are fair samples of matter in the Universe, we can 

use baryogenesis to get an indirect estimate of QM. Together with the total cluster 

mass, the ratio of baryonic mass to total mass can be determined; a compilation 

of the existing data13 gives IMs/Mror = (0.07f0.007)h-3/2 N 0.15. Invoking the 

“fair sample” ansatz Qs/RM = MB/MT or, the accurate BBN determination of 

Qs can be used to infer: RM = (0.3 i O.O5)h-‘/’ N 0.4. 

Traditional methods of estimating total mass of clusters are indirect: mass 

estimators based on kinematics or X-ray flux maps involve models of orbits or the 
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the lens, (2) a number density on the sky sufficient to sample the lens shear field 

on relevant scales, (3) an intrinsic angular diameter larger than the ratio of seeing 

FWHM to the magnification of the lens (i.e., we must be able to detect the image 

distortion), and (4) other properties (blue color and unique surface brightness) 

enabling efficient separation of the sources from superimposed galaxies within the 

lens and foreground. 
The extreme blue colors of the faint galaxies results from their large look-back 

times: we see these young galaxies as they were billions of years ago just forming 

a generation of hot and UV-bright stars at redshifts of 1 to 3, so that their UV 

excess flux is redshifted into the blue. In a redshift-magnitude plot of hundreds 

of galaxies, the trend to redshift N 1 at 25th B magnitude is clear. A typical 

galaxy seen at z = 1 may be a 0.1 L* galaxy, so a survey at 25th magnitude would 

cover a wide range in redshifts extending from 1 to 3. For arclet inversion of 

z < 0.3 lenses, the lack of detailed redshift data for each of these sources produces 

less than a 10% mass scale error. We can do even better: if deep imaging is 

done in several wavelengths, there is enough low resolution spectral information 

to supply so-called “photometric redshifts,” accurate to AZ = 0.1, so we can 

separate galaxies into broad foreground and multiple background redshift bins. 

This raises the lens inversion signal-to-noise level. The number density of galaxies 

on the sky vs magnitude is shown in Figure 3. 
Without luminosity evolution these distant background galaxies would have 

prohibitively faint surface brightness (SB N (l+~)-~). Even with their luminosity 

evolution (brighter earlier), very faint levels of surface brightness must be achieved. 

This is the most difficult part of this technique, and is why many orbits on HST or 

several nights on large ground-based telescopes are required per field in order to 

achieve good signal-to-noise imaging in several wavelength bands. At any surface 

brightness limit, there is a redshift selection function, as shown in Figure 4. Two 

limiting surface brightnesses are used in this simulation of the number count vs 

redshift of 25-26th magnitude galaxies: 29 mag arcsec-* (typical of four hours 

of large ground-based telescope CCD exposure) and 26 mag arcsec-’ (typical of 

several orbits of the HST CCD). As may be seen, there is a huge increase in 

the number of galaxies behind a redshift 0.5 lens by going from 26 to 29 surface 

brightness (or about ten photons per minute per galaxy collected with a four-meter 

mirror). The largest background is the Poisson noise from the “dark” no-moon 

night sky diffuse light (mostly low level aurora) at a surface brightness of about 

105 

lo4 

lo3 

lo2 

lo1 
0 I-l 
AK 

----0.45Bj-6.56 

100’ *.’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ 1 
14 16 18 20 22 24 26 28 30 

magnitude 

Fig. 3. Number density of galaxies (the sources) on the sky, as a function of 

magnitude (-2.5 log flux) for several wave-bands, U (360 nm), Bj (450 nm), R 

(600 nm), I (800 nm), and K (1200 nm). There is a faint galaxy every few 

arcseconds on the sky, in deep imaging on large telescopes, sufficient to define the 

shear field of a foreground gravitational lens. 
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while galaxy cluster lenses (M x 1014 AJ,) can produce image separations of one 

arcminute. Astronomers often use velocity dispersion as a proxy for mass: for an 

isothermal distribution M/r N u* is independent of r. In the case of an isothermal 

distribution of gravitationally bound masses of line-of-sight velocity dispersion a,, 

,0(r) = 47r(q,/c)*, & = 29 (uv / lo3 k m set-I)* (D~slDs) arcseconds. Many 

clusters have measured velocity dispersions M lo3 km set-‘. Most have Q~ N 700, 

and a few have uv N 1500 km set-i. As an aid in understanding the observational 

consequences of gravitational lensing, particularly strong lensing, it is useful to 

visualize the effects of such a massive cluster in a movie of 1000 realizations of 

lensing. 

6.1 Simulatic;n Movies 

MPG MOVIES of our view, over the next few billion years, of a cluster of galaxies 

and the effects of its dark matter are shown in 

“ftp://netlib.bell-labs.com/cm/physics/who/tyson/MPEG/LENSO.mpg” 

and 

“ftp://netlib.bell-labs.com/cm/physics/who/tyson/MPEG/LENSMAX.mpg”. 

These simulations were made by our group, principally Ayana Holloway. They 

show the cluster Al689 as viewed by Earth orbiting space telescopes over the 

next few billion years; as it moves through the Universe its alignment with the 

background faint blue galaxies constantly changes. The data for the cluster (the 

orange bright galaxies) are from the Hubble Space Telescope, and the mass model 

is one which we are developing for this particular cluster, based on very deep 

multi-color HST and ground-based imaging of A1689, via strong lens parametric 

techniques. (For a description of parametric strong lens mass determination, see 

Tyson, Kochanski, and Dell’Antonio.ig) 

These first two movies are based on two extreme mass models: LENSMAX.mpg 

has much of the mass in the halos of the cluster galaxies, while LENSO.mpg has 

very little mass in the cluster galaxies (most mass residing in a single dark mass). 

The background galaxies are placed in six redshift sheets, out to t = 3. Fainter 

and bluer galaxies are at higher redshift. Some galaxies just behind the cluster 

(coded brighter and less blue) are only slightly distorted by the concentration of 

dark matter. The highest redshift faint galaxies easily form large arcs (perturbed 

Einstein rings) at larger radii. 

Our mass distribution is composed of dark matter halos for individual cluster 

galaxies as well as the dominant diffuse mass of the cluster. This largest mass 

has a soft core. A non-singular lens mass produces an odd number of images of 

a background galaxy. When the galaxy is at large projected radius (weak lens 

regime) it is slightly distorted orthogonal to the radius vector. As the galaxy 

moves into the critical region, it splits into an odd number of images, usually two 

arcs on opposite sides of the lens and a third, demagnified image near the center. 

The details of these images-their parity and magnification-are sensitive to the 

gradient of the lens mass. For regions near the core where the lens mass density 

exceeds the critical mass density, the magnification determinant is negative-the 

lens-focused light bundle comes to a focus before reaching Earth. Images inside 

this radius (one of the odd images) appear demagnified and with opposite parity. 

These faint radial spokes may be seen for many of the background galaxies over 

a finite range of impact parameter, and are a sensitive indicator of the size of the 

soft mass core. Another observed feature of our lens model for this cluster is the 

unusually thin arcs (images of high-z galaxies); this is due to a mass profile which 

is steeper than isothermal. 

We spent some effort to mpeg encode these movies in a way that is maximally 

compatible with Windows and Unix mpeg players. If you experience problems, 

please let us know. We use MPEG-1 format. 

7 Tomographic Reconstruction of Galaxy Clus- 

ter Mass 

7.1 Weak Lens Statistical Inversion 

Historically, the first solution to this inverse problem was via statistical weak lens 

inversion, in which the mean shear field is estimated from the tangential alignment 

of stretched single images of many independent background galaxies projected 

near the cluster.i5 It was logical to apply this new technique first to massive clus- 

ters where there was already indirect evidence for a high mass contrast. Weak lens 

statistical inversion still plays a dominant role in most gravitational lens exami- 

nations of cluster mass, since few clusters have the unlikely favorable alignment 

with a background source that gives rich multiple images of that single source. 

Pedagogically, however, strong lensing presents a striking demonstration of the 
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The mass and linear scale sensitivity of this parametric lens inversion technique 

vary with position in the cluster; cluster mascons projected near a long arc have 

the effect of their mass distribution highly magnified. For galaxies that are more 

than about five arcseconds from the arcs, only their total mass matters, and we 

parametrize this by the cutoff radius (because A4 c( T,,,~~E). Galaxies farther than 

about 20 arcseconds from the arcs are parameterized in groups. 

In all, the mass and source models are determined by 512 parameters. How- 

ever, we have over 3800 significantly nonzero (30) pixels in the arcs which supply 

sufficient information. Because the optical point spread function of the WFPCZ 

is smaller than one pixel, the signal is nearly uncorrelated even on neighboring 

pixels; thus, we have many more independent constraints than model parameters. 

In addition, pixels with no signal serve as constraints, because they prevent the 

model from putting flux in areas of the image where there is none. The result- 

ing mass model is over-constrained. The optimizer uses simulated annealing and 

bootstrap resampling to avoid false minima. 

As we developed the model, it had enough power to predict the central image, 

based on the three major arcs, then to correctly predict the multiple subimages 

near the outer arcs. One of these was buried under a cluster galaxy and was 

recovered as a result of this prediction by modeling and subtracting the foreground 

galaxy’s light. The galaxy masses in the model were initialized using the Faber- 

Jackson relation between a galaxy’s optical luminosity and mass. When the model 

evolved to a low x2, we performed robustness tests by multiply perturbing the 

position and/or mass of mascons and observing the reconvergence to the solution 

(see Figure 5). Over 2~10~ models were searched to reach the solution. In addition 

to the large diffuse mascons, other mascons were added to our fit to allow it to 

match the complexity of the cluster’s mass distribution. Several “dark” galaxies 

were found. 

The vast majority of the dark matter is not associated with the galaxies, 

and appears as a smooth elliptical distribution centered near the position of the 

brightest galaxy and elongated in the SE-NW direction. The elongation is in the 

same direction as that of the X-ray isophotes. This dark matter not associated 

with galaxies shows no evidence of infalling massive clumps: other than these two 

major clumps, we find no dark mascons with total mass greater than 5 x 10i2A& 

(1.5% of the cluster mass), out of the 25 in the fit. 

x 
2% 

MASS CONTOURS 
35n I -I- I I I 1 

- I 

125 

0 

-125 

-2501 \ I 1 I/ I 
-250 -125 0 125 250 

kc 

Fig. 5. A map of the projected mass density in the redshift 0.4 cluster 

CL0024f1654, obtained by fitting the observed distorted images of a z = 1.6 

source galaxy. Dark matter halos of individual galaxies in the cluster are seen, 

but the major dark matter component is relatively smooth compared with CDM 

simulations. 
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soft mass core is a result of baryon interactions or a feature of non-baryonic 

dark matter. Another technique, the Sunyaev-Zel’dovich effect, which makes use 

of the Compton up-scattering of CMB photons when viewed through a cluster 

containing hot gas, may soon prove helpful in resolving this question. While the 

angular resolution achievable in this CMB decrement imaging is lower than the 

strong lens inversion maps, “SZ” imaging of the projected hot gas density depends 

on redshift and other cosmological parameters in the same way as gravitational 

lens mass imaging, so that the cluster gas to total mass ratio may be derived 

directly from the combined lens/SZ data. 

8 Statistical Weak Lensing 

If the source angle relative to the lens 4 is larger than 0~, multiple images of a 

source will not be formed, but the single image of the source will be elongated as 

shown in Figure 7. Since there are roughly 100 independent resolved sources per 

square arcminute, this enables a different kind of solution to the inverse problem, 

called “statistical weak lensing.” This method has the advantage that it is gener- 

ally applicable, and gives good signal-to-noise inversions in regions of low shear 

which are much more representative of random regions. 

The huge mass associated with clusters of galaxies distorts all the background 

galaxies many arcminutes from the cluster. Foreground galaxy clusters at redshifts 

0.2(0.5) with radial velocity dispersions above 700 km set-’ have sufficient mass 

density to significantly distort background galaxies of redshift greater than 0.4(l). 

Lensing preserves the surface brightness and spectrum of the source, so that arcs 

tend to have the very faint surface brightness and blue color of the faint blue 

galaxies. A simulation of both weak and strong lensing is shown in Figures 8 and 

9. First, a long cone is populated with galaxies of size and luminosity appropriate 

to their epoch, out to redshift 3. Then a cluster mass is placed at redshift 0.3, 

distorting the images of these background galaxies. 

8.1 Inverse Problem: Mass from Image Distortion 

This gravitational lens distortion is quantified using the intensity-weighted second 

moment of the galaxy image orthogonal and along the radius relative to the lens 

center.15 A dimensionless scalar alignment T, calculated from these principle axis 

-- 
-- -- 

:* -- 
Source 
Plane 

- - -_ 
1 

Image 
Plane 

Dark 
Matter 

Lens 

Fig. 7. Resolved background galaxies (source plane) are mapped into distorted 

images (image plane) by the light bending due to the foreground mass (left). 
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transformed source ellipticities, is related to the projected mass density clumping‘, 

and is defined at each point (~3 in the image plane via the (r,Q) principal-axis 

transformed second moments of the background galaxy image: 

T(F’) = s = 2(1 - K)Y 2Y(r3 Np 
(l-n)*+Yz- l-K(ql’ 

where the convergencez3 K(T) = C(T)/& and the shear y(r) = [C(r) - C(r)]/CC, 

and where C, is the critical surface mass density, related to the distance ratio: 

C, = c2/(4aGD). The distance ratio for a foreground-background pair isl’ 

(1 -Qo- &d2)(dl -d*) 
D = (1 -q. - d*)(l - dz)(l+ Zfs)' 

where dl = q’m and ds = dm. 

Introducing a galaxy light distribution prior, the tangential second moments 

are 

ieo = M20 sin2 4 + MO2 cos* cj - 2Ml1 sin 4 cos 4, (6) 

i,, = MZO cos2 q4 + MO2 sin* I$ + 2M11 sin 4 cos 4, 

where 4 is the position angle of the vector from the point (z, y) to the background 

galaxy, relative to the x-axis. The intensity-weighted second moment Mlm,g of the 

background galaxy 9 is defined by 

M lm,g = My; / (64 (by)“’ W(Jx, 6~) [4@x, JY/) - bl da: dy, (7) 

Mo,g = / 
W(bx, 6~) [1,(6x, 6~) - 101 dx &/, 

where 6x = (x - < x >9) and similarly for 6~; the sky intensity near this back- 

ground galaxy is given by IO, and optimal normalized Gaussian weights (adaptive 

kernel) W(bx, 6y, 1(x, y)) are calculated from the half luminosity radius. An un- 

lensed population of galaxies randomly placed and oriented will give a net distor- 

tion T(F) of zero at every point in the image plane, while a population of lensed 

galaxies will give a positive value at the point corresponding to the lens center. 

At some point off the lens center T(F- To) is proportional to the projected mass 

at that new point, as shown in Figure 10. 

In three-dimensional simulations of deep shear surveys, it is apparent that in 

addition to the shear noise arising from intrinsic source galaxy random ellipticities 

there are errors arising from occasional chance projections of one arclet very near 

Fig. 10. The sum of the tangential component of the shear around the solid circle 

is simply related to the average mass density interior. This is also true for the 

offset (dashed) circle. This provides a method for mapping the projected mass 

density on the sky, producing images of the dark matter. The resolution is given 

by the size of the circle. In practice, a weighted average of an array of sizes is 

used in deriving the mass map. 
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The distortion image T(z, y) uniquely locates the lens mass, obtains M(< r)/r, 

and gives its morphological shape on the sky. A useful check of this procedure uses 

the mass map (Eq. 9) as input to a Bayesian search in model mass distribution 

space, solving for the dark matter mass and core size. For the known source 

ellipticity distribution, a given source redshift distribution, and a test radial mass 

distribution model, a maximum likelihood calculation yields the lens M/r (or 

equivalent velocity dispersion) and core radius. From the inversion of 6000 arclets 

surrounding the rich z = 0.18 cluster A1689, we found a steeper than isothermal 

profile beyond 300 h-l kpc radius. 25 Some clusters at high redshift are nearly as 

compact in mass. In rich compact clusters mass appears to trace the cluster red 

light, on scales of a few x 100 h-i kpc, with rest-frame V band mass-to-light ratios 

of a few hundred h in solar units. Weak lens tomographic studies of the outskirts 

of clusters with the Big Throughput Camera (see below) show that mass density 

falls rapidly at large radius as expected in models of structure formation, but 

there are often other interesting mass concentrations nearby. 

The mass core radius is smaller than most observed X-ray core radii in nearby 

clusters, suggesting that the X-ray gas may be less relaxed dynamically than the 

dark matter. Over the past decade, theoretical CDM N-body simulation mass core 

sizes have evolved steadily downwards, past the observed mass cores, towards a 

singular distribution. In 1990 we reported a (30-50 kpc) mass core radius much 

smaller than the X-ray core (and then current N-body simulation cores). By 1998 

the N-body simulations have high resolution and give mass cores much smaller 

than our observed mass cores (still 30-40 kpc). At least for rich clusters these lens 

studies appear to confirm the large mass which was implied by virial calculations 

using velocity dispersions. 

Because faint blue galaxies become more common at redshifts above 0.5, most 

studies of weak lensing have been confined to lenses around redshift 0.2 to 0.4. 

However, clusters exist at higher redshift and two of them near z = 0.8 have been 

studied recently by weak lensing. 26 As multiband deep imaging becomes more 

common in lensing work, color-redshifts will enable weak lens studies of clusters 

at higher redshift. Figure 12 shows an example of weak lensing reconstruction 

of mass, with 1st order strong lensing corrections included. See also Squires 

et a1.1997.27 
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Fig. 12. The radial mass distribution of the cluster RXJ1347, with and without 

strong lensing corrections,28 as in Equation 3. The cluster RXJ 1347.5-1145, at a 

redshift of z = 0.451, has an X-ray luminosity Lx = 2 x 1O46 erg s-i. rc = C&o. 
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10 Large Scale Dark Matter we have a chance of viewing mass in ordinary places, rather than in the inner parts 

of massive rare overdensities. 
By concentrating on the largest luminous structures known, clusters of galaxies, 

we are biased to radiation. We have in effect been looking under the lamp post for 

dark matter. Does light trace mass under all conditions? Larger scale applications 

of this dark matter mapping may eventually find clumped dark matter unrelated 

to galaxies or clusters of galaxies. Mosaics of CCDs make such a large scale 

search for coherent alignment in the distant faint galaxies particularly attractive, 

and dark matter on angular scales up to degrees can in principle be studied in this 

way. Dark matter may exist in places where there is no current star formation 

activity. Larger scale applications of this dark matter mapping may eventually 

find clumped dark matter unrelated to galaxies or clusters of galaxies; I will show 

a deep image of a good candidate. 

If we wish to extract only information on the statistics of the foreground mass 
overdensities, rather than map them, there is a tensor statistic analogous to the 

scalar two-point correlation function.2g~30~23~31,32 All pairs of galaxies separated 

by some angle on the sky are summed separately in bins of mutual orientation. 

This integral tensor statistic called the orientation correlation function (OCF) is 

then built from these summed orientation data. The OCF has both parallel and 

orthogonal orientation components, each a function of angle on the sky. The OCF 

detects an excess over random for background galaxies to be oriented parallel or 

orthogonal to one another. In this way much larger areas of the sky may be 

covered and a smaller amplitude statistical mass fluctuation spectrum may be 

detected. 

The observational challenge in low shear measurement is systematic errors due 

to variations across the detector of the point spread function, optics astigmatism, 

and variable field distortion due to atmospheric refraction. These systematics can 

be overcome by chopping and trailing techniques, and optics calibration in rich 

star fields. Preliminary measurements of the arclet orientation correlation function 

in random fields yield shear correlations which are below the SCDM prediction. 

The key in finding the rest of the dark matter, even in places where there are 

no clusters, is to measure shear over much larger areas. This also means that 

systematics will have to be controlled at the 0.1-0.5 percent shear level. With 

Gary Bernstein at U. Michigan, we have built a large area blue-sensitive CCD 

mosaic camera for the four-meter Blanc0 telescope at CTIO. With this instrument 

11 Large CCD Mosaic 

The Big Throughput Camera is so named because it was the only operating large 

mosaic of back-illuminated CCDs, giving it much more throughput than other 

mosaics with comparable field of view, as well as good blue sensitivity.33 [Note: 

the Sloan CCD mosaic just had its “first light”; this is a much bigger array of the 

same type of CCDs as the BTC.] The format is a 2 x 2 array of thinned, broadband 

antireflection-coated 2048x2048 SITe CCDs. The four-CCD mosaic in the BTC 

covers an 11.7x11.7 cm area. Mounted at the prime focus of the four-meter 

Blanc0 Telescope at CTIO, the 24 micron pixels subtend 0.43 arcseconds on the 

sky, providing a 34.8 arcmin field of view. Each CCD is separately adjustable in 

position to N 5 pm accuracy and cooled to 170 K. 
The BTC’s large field of view is ideal for searches for rare objects or events, 

statistical studies of large numbers of objects, and studies of anything which cov- 

ers large angular scales. In its year of operation the BTC has been used by a group 

searching for faint quasars and two groups searching for high-redshift supernovae 

(20 discovered per night!), which can be used to constrain fundamental cosmolog- 

ical parameters. For the first time, large numbers of high-redshift supernovae are 

being discovered: 32 identified in first-year BTC images have been confirmed and 

announced by one team, and a similar number has been found by the other team. 

A search for Kuiper belt objects is being conducted. 

Our studies of large-scale dark matter distribution using weak gravitational 

lensing exemplify the other two typical uses of the BTC, amassing large-number 

statistics and covering large angular scales. In weak lensing, the signature of in- 

tervening concentrations of dark matter is a small nonrandom component induced 

in the otherwise random orientations of background galaxies, hence large-number 

statistics are required. In addition, large angular fields are required to trace the 

full extent of the dark matter. 

We require a large contiguous field of view. The gaps are filled in with “shift- 

and-stare” exposures, with large shifts of about 1000 pixels (7 arcmin). After 

about 18 exposures, a contiguous field of 47 arcminutes is covered. The unique 

problem of large focal-plane mosaics is field distortion, since they cover most of 
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have concentrated on obvious clusters of galaxies where one knows there is a deep 

gravitational potential well coincident with the luminous baryons. But this is 

“searching under the lamp post”; in so doing we build in a bias between mass 

and luminosity. Weak lensing analysis can now be applied to blank fields to 

explore mass generally, without resort to light. Furthermore, evidence is mounting 

from strong lensing observations that the input physics for the N-body work is 

incomplete. It is fair to say that the process of mass clustering is not yet well 

understood. 

The recent primordial deuterium measurement together with the observed high 

cluster baryon density (the “baryon catastrophe”), indicate amatter = 0.4; this is 

also predicted by large-scale peculiar velocities. This additional mass in dark 

structures, over what has been inferred from studies of clusters, will be clustered 

throughout a deep probe out to high redshift. The clustered mass lenses the high 

redshift galaxies and is visible in gravitational lens tomographic maps. Such a 

mass probe of random areas relies heavily on wide-field deep imaging in superb 

conditions and over a wide wavelength range. While deep lensing probes of many 

blank fields will be necessary in order to test this and measure the cosmic variance, 

a hint of what may be in store is shown in Figure 15. A large mass structure with 

peak mass density of O.O2C, is found in a BTC field chosen for its absence of 

obvious clusters of galaxies. In some blank fields examined in this way with the 

BTC, we have found high redshift clusters by first detecting the mass overdensity 

via weak lens inversion. In a BTC survey of “normal clusters” chosen by their 

below average X-ray luminosity, multiple mass concentrations with occasional 

mass bridges connecting them are found. 

12 Cosmic Complementarity 

The observational situation in the A - RM plane, mid-1998, is reviewed in Fig- 

ure 16. Three complementary experiments are plotted. Recently, two groups (the 

Supernova Cosmology Project and the High-z Supernova Team) using Type Ia 

supernovae as standard candles (objects of known luminosity) and assuming that 

their flux measurements were not contaminated by sample selection, evolution, or 

dust systematics, both conclude that the expansion of the Universe is accelerating 

rather than decelerating (i.e., pe < 0). If correct, this implies that much of the 

energy in the Universe is in an unknown component. The simplest explanation is 

Fig. 15. The mass density reconstructed from 8700 blue arclets in moderately 

deep BTC integrations in a field devoid of known clusters. A large low-level 

(shear 0.02) mass is discovered. Note other mass concentrations in this clusterless 

“blank” field. Keck spectroscopy has just been obtained for 28 galaxies in the 

mass concentration shown in this field. 
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mises in the design of the telescope, and precludes the pursuit of projects which 

require very large amounts of data and telescope time. 

Several recent projects present a different model for the pursuit of astronomical 

science goals, whereby a telescope is completely dedicated to one or two impor- 

tant projects for a period of years. An example is the Sloan Digital Sky Survey, 

for which a dedicated 2.5-meter telescope and instrumentation have been built. 

This project will yield a high-quality digital map of the entire northern sky, plus 

redshifts of several million galaxies and quasars. 

A definitive measure of the density spectrum of the dark matter on supercluster 

scales is technically within reach. Deep imaging of millions of distant galaxies 

at several wavelengths (to get statistical redshifts from their colors) repeated in 

many different directions would have the precision to detect a fraction (less than 

ten percent) of the statistical weak lensing shear predicted by current Cold Dark 

Matter theory. An accurate measurement in 25-degree areas of the sky, to get the 

cosmic variance, would provide a direct measure of mass content and the mass 

fluctuation spectral index. With a dedicated six-meter “Dark Matter Telescope,” 

an advanced mosaic of CCDs covering over a degree, and deep imaging in multiple 

wavelength bands, this project would take five to ten years to complete. The payoff 

in our understanding of dark matter and cosmology would be well worth the effort. 

We propose, therefore, the construction of a six-meter class telescope with a 

single instrument optimized for the pursuit of a single goal: measurement of the 

distribution of dark matter in the Universe. The massive clusters, however, are like 

the whitecaps on the ocean. To really answer the central question in cosmology, 

“where is all the mass in the Universe?“, we must study the “ocean” directly. 

The proposed Dark Matter Telescope will do this, showing where the dark matter 

is, how it clumps, and thus limiting the possible candidates for its constitution. 

If the fields are chosen appropriately, these same data may be used to map the 

inner part of the Kuiper belt of comets, and high-redshift supernovae, discovering 

thousands of these objects in a few years. Indeed, the supernova database will 

be an important constraint on cosmology and dark matter. So the dark matter 

mapping and supernova survey would use the same imaging data and yield related 

cosmological data on both the dark energy and mass budget of our universe. 

The distant star-forming galaxies form half of the toolbox required for this 

unique cosmological probe. The rest of the tools are a wide-field CCD mosaic 

and a special wide-field low-aberration optical telescope with state-of-the-art light 

gathering capability and 350-900 nm wavelength coverage. To undertake this to- 

mographic gravitational lens reconstruction of dark matter images at high redshift 

and large look-back times requires superb imaging of distant background galax- 

ies. At 29th magnitude, there is a distant blue galaxy every arcsecond on the sky. 

Because the surface brightness of these distant galaxies falls as the 4th power of 

the redshift, these distant galaxies are so faint that existing telescopes with their 

relatively small fields of view would spend weeks of telescope time to produce only 

a narrow pencil beam probe. One requires superb angular resolution over a two 

to three degree field, coupled with the light gathering power of a large six to eight 

meter mirror. The Dark Matter Telescope would require superb blue-red optics 

and a state-of-the-art wide-field CCD array camera with a total photon through- 

put well in excess of even the Keck telescopes. Innovative software will be required 

to handle the flood of data. Unfortunately, present-day telescopes suffer especially 

from small fields of view, but also from poor image quality and over-commitment, 

allowing only tantalizing forays into dark-matter mapping. The wide spectral 

coverage, together with low aberration requirements, are a challenge for normal 

telescopes which have multi-element glass correctors. A design being seriously 

discussed is the Paul-Baker three-mirror telescope. This corrects for aberrations 

and is intrinsically achromatic and non-dispersive. A new-technology Dark Mat- 

ter Telescope of six-meter aperture would cost approximately 30M 1998 dollars, 

and the camera would cost an additional 8-15M 1998 dollars. Operations over the 

period of this survey (ten years) would cost considerably less than ten percent of 

the capital cost per year because of no instrument changes and no visitor sup- 

port. The data would be uniformly acquired by a small crew and released to the 

community. 

The Dark Matter Telescope would be much more cost effective and optically 

efficient than other telescopes because it would be optimized for wide-field surveys. 

In terms of “throughput” (collecting area times imaging area on the sky), it would 

be 200 times more efficient than any of the wide-field mosaics now being built for 

existing or new telescopes, and tens of thousands times the throughput of the 

Hubble Space Telescope. A special wide-field low-aberration optical telescope in 

the six-meter class is required in order to take the next step in our understanding 

of the origin of structure, the dark energy, and mass in our Universe. 
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