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Abstract. We investigate the potential of using massive clusters as gravitational telescopes for searches and studies of su-
pernovae of Type la and Type Il in optical and near-infrared bands at central wavelengths in the interval Qué1J2thg
high-redshift supernova rates derived from the measured star formation rate, we find the most intéfestifgethe detection

of core-collapse SNe in searches at limiting magnitudgs ~ 25-26.5 mag, where the total detection rate could be signifi-
cantly enhanced and the number of detectable events is considerable even in a small field. For shallower-s2arohgsa

net gain factor of up to 3 in the discovery rate could be obtained, and yet a much larger factor for very high source redshifts.
For programs such as the GOOBES transient survey, the discovery rate of supernovae beyend could be significantly
increased if the observations were done in the direction of massive clusters. For extremely deep obsenyatior?s, mag,

or for very bright SNe (e.g. Type la) the competinteet of field reduction by lensing dominates, and fewer supernovae are
likely to be discovered behind foreground clusters.

Key words. cosmology: gravitational lensing — cosmology: distance scale — galaxies: clusters: general —
stars: supernovae: general

1. Introduction in principle also be useful as distance indicators, provided the

gnification is known to high precision. In addition, strongly

m
Massive galaxy clusters, used as gravit_ational t_eles_copes (GTeﬁsed, multiply imaged supernovae may also be used to con-
are extremely useful tools for the studies of faint high redshiff i cosmological parameters through the time delay mea-
galaxies in wavelength_s ranging from optical to S“bm'”'metrﬁjrements of the SN images (Goobar et al. 2002a).
as demonstrated e.g. in Ellis et al. (2001); Hu et al. (2002); = e
Lemoine-Busserole et al. (2002); Biviano et al. (2003); Smail Similar work on the feasibility of galaxy clusters as GTs
et al. (2002). In this work we explore the potential of GTs foyas carried out by Sullivan et al. (2000). They focused on data
magnifying high redshift supernovae (SNe) in optical and ne&&ts through the HSTe;ay-band with limiting magnitudes be-
infrared (NIR) wavelengths, thereby increasing the chancesi$en 26.0 and 27.0. We extend this further by also investi-
detection. A competingfect related to the use of GTs is dug/ating theZ- andJ-bands where we find largeffects than in
to the spreading of the field by the lens, analogous to what hag2and. This is not surprising as the redder filters are sensitive
pens when looking through a magnifying glass: a smaller, & hlgher—.redshlfF sources which in turn are fainter. In add|t.|on,
though magnified, portion of the field is actually observed. THYE quantify the limiting search magnitudes and source bright-
effect is sometimes referred to amplification bias For any N€SS where GTs enhance or deplete the discovery rates. Also
specific field-of-view (FOV) it is not obvious a priori which of(Gal-Yam et al. 2002) conducted arband search for SNe

the two dfects dominates when looking for distant supernova@, HST fields with galaxy clusters. Earlier feasibility studies
The net gain depends upon 1) the lens and source paramel¥#€ also carried out by Saini et al. (2000). They concentrate
the mass distribution of the lensing cluster, the intrinsic rate aHtfir Study to the lens cluster Abell 2218 where the assumed
brightness for core collapse and Type la supernovae as a fufekground sources were supernovae Type la and IIL and con-
tion of redshift. 2) The observational set-up: the limiting sear§irained their analysis to SN searches at shorter wavelengths.

magnitude and the choice of wavelength band. In this paper we Our study thus generalises previous work and is more ap-
consider several scenarios relevant for supernova searchesplicable to instruments currently being used for higsN
Studying supernova (SN) rates at the highest possible re¢arches, e.g. thé- band search with the ACS camera on
shifts provides critical information for the understanding dfiST by the GOODS Treasury Team (Giavalisco et al. 2002;
cosmic star formation rate. Lensed SNe at high redshifts c&iess et al. 2002), or future missions such as JWST (for-
merly NGST). HSTACS has a considerable depth but a rel-
Send gfprint requests toC. Gunnarsson, e-maitg@physto.se atively small field-of-view compared to optical cameras used
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for ground based SN searches. However, the small FOV makes
a good match to the high amplification region of massive clus-
ters at the moderate redshifts considered here.

Throughout the paper we use natural units in whick
G = 1. We have also adopted the “concordance” cosmol-
ogy with Qy = 0.3, Q4 = 0.7 andh = 0.7, whereh =
Ho/100 km s*Mpct. All magnitudes are in the Vega system<4

2. The lens equation

In almost all lensing situations of practical astrophysical in-
terest, the deflection of the light takes place in a very small
fraction of the total light path. This justifies the common ap-
proximation that all deflection occurs in a plane called the lens Zgjuster Zjim,

plane.. So .to compute the Iensmg_propertles 9f a hglo we nq_q& 1. Schematic picture of the lensing situatiag, (Miy) is the lim-

to project its mass density onto this plane. This projected Mag$; redshift (magnitude) without the lensing cluster. The shaded area
density we denote by. Define the 2-D vectof as the image indicates the volume where the SNe are bright enough to be detected
position (or impact parameter) in the lens plane gnas an and are visible within the field. Compare the foufféient areas 1-4
arbitrary length scale in this plane which can be chosen suit-the four diferent distinguishable-bin ranges of Fig. 2.

ably to simplify the appearance of the equations. Furthermore

we introduce the corresponding quantities in the source plane: 0.45 Type la example, 7=0.2

n andng = &Ds/Dy. Ds, Dg andDgys below are angular diam- ﬁ u;‘l“sz‘w”‘w‘w"3“””‘;”‘”“;
eter distances between observer and source, observer and lens 3 0-4F E
and lens and source respectivejys the source position. With 0.35F- B
these definitions, the lens equation in dimensionless form can ]
be written as 0.3 E
y=x-ax (1) 0250 E
wherex = £/¢o, y = n/mo ande(x) = (DaDas/é0D9)@(X). In o2 E
this expressiom(£oX) = a(£) is the deflection angle at image 0.15F E
position&. We also write the surface mass density in dimen- F ]
sionless form ag(x) = X(&X)/Zqr, WhereX, is a critical den- 0.1t E
sity given byDs/47DysDs. If the projected mass is circularly 0_05§ 3
symmetric (e.g. for a spherically symmetric density profile), it E T e
is possible to constrain the impact parameter toxhaxis in 00 02505 075 1 1.25 15 1.75 2 2.25 2.5

the lens planex = (x, 0) if we put the origin at the center of the

lens. This also means that the (scaled) deflection angidl

point towards the lens center and it will be denoteitistead. Fig. 2. Number of SNe detected per year in redshift binapt= 0.05.

Due to the nonlinearity of the lens equation, multiple solutiorf§&2 1 at redshifts smaller than the cluster redshijftarea 2 between

of Eqg. (1) forx are possible implying more than one image dhe lens andim, area 3 where tht_a_ws!ble_fleld |I!‘T’IIF$ the number of

a single source. This occurs when the source,lens and obsefV&t 2nd aréa 4 where the magnification is the limitation. The dashed

are stficiently aligned, i.e. when the source is close enough. nevsrllows the number count without the lens and the solid line with a
. . ! . ens redshift ok, = 0.2 and a field-of-view of 16 sq. arcmin.

the optical axis, see Fig. 1. When perfectly aligned, the source

will be imaged as a ring with formally infinite magnification.

This ring is called the (angulaBinstein radiugER) and is usu-

ally denotedde. It depends on the mass inside this radius baut by the FOV. Naturally, we count all SNe in this volume

also on the source and lens redshifts. Thus, the Einstein radhgt are bright enough to be observed, either intrinsically or

defines the area where strong lensifigets occur. A maxi- after having been magnified by lensing, see Fig. 1. The trum-

mum of three images are possible in the models we consig¢het shaped shaded area beyapgl indicates where the SNe

below and the images are called primary, secondary and &fe magnified above the detection threshaigh. This figure

tiary, having diferent properties which distinguish them. Notés to be compared to Fig. 2, which is an example of a typi-

that insidedg, there are only secondary and tertiary images. Foal set of parameters for Type la SNe and a NFW lens and

more details on lensing, see e.g. Schneider et al. (1992). shows the number of detected SNg per year and redshift bin

Az = 0.05. The shaded areas (volumes) denoted 1-4 in Fig. 1

also have counterparts here. Up to the lens red<hiftat 0.2

here), there should be nofiirence between the cases with and

The number of SNe that can be detected is found by integrafthout the lens (area 1). Beyond the lens, there is a region

ing the number density of supernovae over the volume sweantere the spreading of the field diminishes the area compared

z

3. The method
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S ol AT T Table 1. Supernova properties, assuming discovery at maximum lu-
3 U A N S S T T R minosity in B-band. Type Ibc and 87a-like events are not considered
7 L 1 Core ¢ollapse ©: | ] but are listed for completeness.
E 250 AR, IO RS- ST SUUUUUURY JOUPUUUTOt SURTURIRY —]
m r ]
L ] Type Rel. cc fraction Abs. magd Disp.oy
200F E lin 0.02 ~18.78 0.92
1500 B lip 0.3 -16.61 1.23
L ] lIL 0.3 -17.80 0.88
100F- . Ibc 0.23 -17.92 1.29
r ] 87a-like 0.15 - -
50 .E la 0 -19.17 0.16
N AT VORI S0t U0 V0L OUOE ooy rovws _ . o _
0 1 2 3 4 5 6 7 8 9 10 The simple identification of areas 1-4 in Figs. 1 and 2 is
not possible in the case of our Type Il SN plots. This is due to
z the fact that they have filerent luminosities and will be seen

Fig. 3. Supernova rates versus redshift in bins\af= 0.05. For core out to diferentz;,, (defined in Fig. 1). This instead gives rise
collapse SNe the plot shows Hilp-+IIL +Ibc+87a-like. The increas- to three peaks (at most) in tiyyr/Az vs. z plots for Type II

ing time dilation of the SN rate with redshift is taken into accoungpe g5 they show the sum of all three types considered.
The distribution includes neither lensing nor observational selection

effects.
3.2. Cluster models
to the case with no lens (area 2), fragto zj,. Beyondzin

there is a small area where the visible field still is the limiting/® use two dferent models for the clusters, the singular

factor to the number count (area 3). Finally, the magnificatidtPthermal sphere (SIS) and the Navarro-Frenk-White profile
is limiting in area 4. Under specific circumstances, e.g. if tH&/FW) obtained in N-body simulations (Navarro et al. 1997)

lens is very massive or at low redshifts and the FOV is smain which we will focus. The large lens masses considered here

another &ect might become important. As indicated abov§€€M to be better fitted by the NFW profile (Li & Ostriker
there are no primary images inside the Einstein radius. In 4ff02) but we will see in Sect. 4 that they do noffeli much
our considered models, primary images are much more nun{8f-lne cases we consider.
ous than secondary or tertiary, and in principle a situation can 1 Nere i also an ongoing debate on whether the dark matter
arise wher@im < 6e only giving secondary and tertiary image12/0s are centrally cuspy or possess a roughly constant den-
at this source redshift. This will lead to a decrease in the nufity core- The issue is not settled but there is some evidence of
ber count when many sources afteated and theféect can be cuspy ceqtral regions on cluster scales which is what we have
seen in Fig. 9. assumed in this paper (see e.g. Dahle et al. 2002).

As multiple imaging is possible we have taken this into ac- Fora d(_ascription of the lensing properties of the SIS, see
count by counting secondary and tertiary images that are brigh§- Schneider et al. (1992, Ch. 8.1.4). The SIS only has pri-

enough as events independent of the primary image, resulfig’y 2nd secondary images as the tertiary image always is in-

in a slightly higher rate. As indicated above this is a very smaiftely fa}int: _ . , .
effect in all cases considered here. Gravitational lensing by NFW halos is well described in

Wright & Brainerd (2000) and we refer to that paper for further
_ reading. To find the parameters for a specific cluster mass and
3.1. Supernova rates, types and magnitudes redshift we use the Fortran 77 codkarden. f available on

We have concentrated our study on Type la and Type II Stéhghhgrrinrsgsgze?:]:)‘rlglé?y,\;\éjaticrﬁg; :\r‘nFa\lfg\]/eZTOf"e produces

pernovae. The Type Il SNe are divided into three subclass ;
lIn, llp and IIL, with abundances of 0.02, 0.3 and 0.3 relatiVﬁ To meaningfully compare the results for SIS and NFW we

to the total core-collapse (cc) SN rate (Hifp+IIL +Ibc+87a- avele;ss%mt?]d/l?rt,hthe n_lw_?ss W_'tT'n thg V'”_?I radlgst, tobktJe_
like) following the predictions in Daleih & Fransson (1999), equal for both of them. 1he viral overdensity used 1o obtain

see Fig. 3. In order to study the power of galaxy clusters as G %vmal ratilgsés Cﬁmﬁytedf.l:fmt% the IresIuItt§ fo_untljzll(n B{yelm
we have neglected the intrinsic brightness dispersion of the Su- orman ( ) whichiis afitto the calculation in (Eke et al.

pernovae as well as extinction. Thus, the magnitude dispersi 6). However, the Einstein radii of a NFW and a SIS halo of

- . ; 511
considered in this work stems only from gravitational Iensing.qlual vmeil rggszs\f\g" bzeeﬂgv'vti derent, Forg:ﬁ?;tl(i th M®1 5
For comparison, the intrinsic properties (from Richardson et flo atze = 0.2,6g> ~ 26 for source redshifts between 1.

2002) of SNe are listed in Table 1. ahc_j 4. This dfer_enc_e in ER dogs noffact the results strongly
We have also taken the conservative viewpoint that the SfR 'S seen €.g.in Fig. 11. In Fig. 4 we have plotted the source

are not discovered at maximum by adding 0.5 mag to the ab- aAfter width-brightness correction.

solute magnitudes in the table. This has the safiezeas de- 2 nttp://pinot.phys.uvic.ca/" jfn/mywebpage/

creasing the limiting magnitude of the telescope by 0.5 magjfn_I.html
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Fig. 4. Red_shift dependence of the Einstein radius, _Within Whicﬁ‘ig.s. Redshift reach as a function of limiting{band) magnitude
strong lensing #ects occur, for two dferent cluster redshiftz,. The in the supernova search. For comparison, the AZSODS transient

N
%

cluster virial mass is.& x 10°h™* M. survey has a limiting magnitude arouid= 25.5.

. S o N 0.4 [ e
redshift dependence of the Einstein radius, within which strong < .
lensing dfects occur, for two dierent 14 x 10'°h~1 M, NFW S 04 E
cluster redshifts. As can be seen, the ER has a weaker depen- 35 o Min=255 3
dence orx; for higher redshifts. I B No lens ]

0.3 i “ -

3 ?: z,=1.0 7

3.3. Telescope and cluster parameters 0.25 J v 24205
0.2 - 2,70.2

The main reason for studying gravitationally magnified super-
novae is that it might enable us to explore supernova explosions 0.15
otherwise too faint to be detected by the search instruments cur-

rently used or being planned. Because these SNe are predomi- 0.1

nantly at very high redshifts we focus on the use of the largest 0.05 Ny

wavelength optical filters and NIR for their discovery. We con- . J TR . e
centrate on the feasibility to discover magnified SNe inlthe OO 02505075 1 1.25 15 1.75 2 2.25 2.5

Z- andJ-bands.

We are assuming a circular 16 sg. arcmin field centered on
the galaxy cluster. The considered solid angle is thus compar#- 6. Number of Type la SNe detected per year aag- 0.05 vs.zin
ble to the foreseen FOV of NIRCadwWST and slightly larger the_Z-band_ fqr_various (?Iuster redshiftg;. The FOV ?s 16 sqg. arcmin
than the dimensions of the Advanced Camera for Survexglle the limiting magnltud.e is chosen to be what is currently used at
(ACS, 337 x 3/37), on HST where SN searches are currently S for the GOODS transient survey.
conducted irZ-band by e.g. the GOODS tednGround based
NIR cameras on 8-m class telescopes with deep imaging ca-
pabilities inJ-band like ISAAGQVLT (2:5x 2!5), NIRl/Gemini of mass 14 x 10 h™! M. Cluster redshifts betweery = 0.2
(22x2") or CISCQSubaru (2x2’) are also contained within theandzy = 1.0 were assumed.
maximum FOV considered. We also briefly consider searches
in I-band where most of thefferts of the SCP and High-
Z teams are concentrated, although with significantly larger
FOV. K-corrections were calculated using the SNOC packagel, Supernova searches in Z-band

(Goobar et al. 2002b). , , .
We have investigated limiting magnitudes ranging frofhirst, we consider the case of observational programs such as

22nd to 30th magnitude, reaching up to a limiting redshiff® ongoing ACZ500DS transient survey, comparing the po-
Zim ~ 4-5 for some of the SN types considered. Primarilﬁgt'al gain in the discovery rate if the observations were done
we study the properties of quite heavy clusters of virial ma king towards a heavy galaxy cluster. These search observa-

1.4x 10" h-1 M, as GTs but we also briefly consider a clustdfons are done iZ-band, with an approximate limiting magni-
tude of 25.5 mag.

3 http://www.stsci.edu/ftp/science/goods/ If nothing else is stated, the lens model we use is a NFW
transients.html halo. Figures 6 and 7 show the expected number of discoveries

z

Simulation results
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Fig. 7.Number of Type Ilr-p+L SNe detected per year ang = 0.05 Fig. 9. Gain factor of Type llap+L SNe detected v, for two dif-
vs. zin the Z-band for two diferent cluster redshiftg,. The FOV is ferent cluster massed, andz, = 0.2. The limiting magnitude is 26

16 sqg. arcmin. for this plot, using thel-band.
% 2.4 TTTT TTTT TTTT TTTT TTTT ‘ TTTT ‘ TTTT ‘ TTT \7 . . . .
B 2 f : | | | 7,710 5 L] behavior seen in the figure. The dipraf, = 24 forz, = 0.5
s FE originates from the fact tha, (mim = 24) ~ 0.46 for Type
= 2 o IIL SNe i.e. slightly less than the lens redshift implying that all

g SNe of this kind beyond the cluster are missed in our “standard

] candle” treatment. Increasimg;,, pushez;, above 0.5. Thus,
] a sudden rise is expected since the Type IIL SNe behind the
P lens that are diiciently magnified are seen. If these SNe were

not present, the curve would have followed the qualitative be-
havior of thez; = 0.2 curve, i.e. decreasing aftex, ~ 24.

4.2. Supernova searches in J-band

060 s Next, we consider the possibility of doing the searches at near-
s b b Lo b Lo b Lo IR wavelengths, e.g. id-band. In this discussion we ignore
22 23 24 25 26 27 28 29 30 the observational éliculties of such a program, e.qg. the rather
My, [Mag] long exposure times required to overcome the high sky noise

due to atmospheric emission if a ground based search were to
be attempted. Searching with NICMOS on HST would be an
alternative. A limiting factor is the small size of the HgCdTe
arrays.

To see what fect the FOV and dierent cluster masses
in a 16 sqg. arcmin field for Type la and Type Il SNe respetrave on the simulations we plot the gain factorégs. (defined
tively. In the la case, although the search becomes significantiy-ig. 1) for two diferent cluster masses arng= 0.2 in Fig. 9.
deeper, the féect of spreading the field dominates, giving afihe aforementionedfiect that for a small FOV it is possible
overall decrease in the number count, relative to the case withend up inside the Einstein radius where no primary images
no lens, of more than 30% for the assunedependence of of sources at some specific distance are found can be seen for
the rates. The qualitativefect proves to be roughly indepensmalld;y, for both clusters. Althougbe depends on the source
dent of the lens redshift even though it is less severe for highiedshift, the dependence is rather weak for the higher redshift
cluster redshifts. For the fainter Type Il SNe, theeet is re- range as already noted. Betweea 1.5 andz = 4 the Einstein
versed at this limiting magnitude and more supernovae coudtlius changes by about 20% and-&3 for the heavier of the
be detected at redshifts far beyond the @ixtathout the lens. two clusters as can be seen in Fig. 4.
The quantitative gain can be seen in Fig. 8 where the gain fac- Figure 10 shows a gain in the number count discernible
tor, Niens/Nnolens 1S shown as a function of limiting magnitude by comparing the areas under the graphs with and without the
At mjn, = 255, a factor of 1.5 to 1.6 is obtained dependens. This is seen quantitatively in Fig. 11 as a faetb25 at
ing on the cluster redshift. Since the simulations were quite,, = 26 for both lens redshifts. Figures 10 and 11 also makes
time-consuming, some time was saved by not computing tibaquite clear that the diierence between the NFW and SIS
many points in each plot. This gives the artificial non-smoothodels is small. Again we see the dipmag, = 24 in Fig. 11.

Fig. 8. Gain factor of Type llrp+L SNe detected vany, in the Z-
band for two diferent cluster redshiftg,. The FOV is 16 sq. arcmin.
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Fig. 10. Number of Type llr-p+L SNe detected per year amdz =
0.05 vs.zin the J-band. The cluster redshift is 0.5 and the FOV i
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and SIS profiles at this limiting magnitude.

Fig. 12. Number of Type llrp+L SNe detected per year am =
.05 vs.z in the J-band for a cluster a = 0.2 and with a limiting
magnitude of 24. The FOV is 16 sg. arcmin.
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Fig. 11. Gain factor of Type llrp+L SNe detected vam, in the Fi9-13.Number of Type lir-p+L SNe detected per year Vs in the
J-band for two diferent cluster redshiftg,. The small diference be- J-band for two diferent cluster redshiftg,. The FOV is 16 sq. arcmin

tween NFW and SIS is also seen in this plot. The FOV is 16 sq. arcmtf'd the distribution is cumulative.

for the z; = 0.2 cluster. Unfortunately this is not so excit-
ing when comparing with Fig. 15 where we again see that
To continue the comparison; we see a quite large increasetie absolute numbers are quite low. However, in the region
the gain factor amj, ~ 24 (max. at 23.5 to be precise) for23.5 < mi, < 24.5 the situation looks a bit more interesting
thez; = 0.2 cluster, and therefore we display in Fig. 12 théor the nearer cluster.
distribution of these Type lls in redshift space fof, = 24
showing a clear and large displacement of the distribution tg- s hes in I-band
wards higher redshifts compared to the case with no lens. T ig' upernova searches in I-ban
would seem particularly interesting ds= 24 is clearly within - Finally, we briefly compare the results shown so far with the
reach for 8-m class ground based telescopes. However, Figekpectations from ah-band SN search, the currently favoured
reveals that the absolute number of SNe for this limiting magearch filter for ground based highsupernova searches.
nitude is quite low. One important thing to note though is th@igure 16 shows the expected benefit of heavy clusters as GTs
the absolute numbers are uncertain since they depend stromglywo redshifts forl- and J-band. The gain in thé-band
on the supernova rates which in turn are quite uncertain, esiegenerally smaller in the interesting region where the gain
cially for sources at higher redshifts. is greater than one except maybe for a high redshift cluster.
If we now study similar plots for Type la SNe we see &lowever, clusters this heavy at such high redshifts are very
huge increase in the gain factor at srmajl, ~22—-23 in Fig. 14 rare (Rosati et al. 2002). Again, the bumpy behaviour of the
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Fig. 17. Magnification as a function of the impact parameter in the

z = 1.0 J-band graph is due to thefect described in Sect. 4.1!€nS plane for a source at= 2. The lens redshift is 0.2.
for Type IIL SNe.

A more robust justification is found by studying the magni-
fication as a function of the impact parameter, see Fig. 17. For
As stated above we have treated all SNe as standard candiek4 x 10*> h™* M, NFW cluster atz; = 0.2 and a source at
This perhaps crude assumption when applied to Type Il SKe= 2.0 it is seen that within "1of the cluster core, the mag-
might appear plausible because one can assume approximatéigation exceeds one magnitude, approximately the intrinsic
equally many SNe brighter than average as fainter for each gigpersion of the Type Il SNe considered, see Table 1. Thus,
type. This could then be assumed to average out. However, Within this radius the magnification dominates the magnitude
effect of adding a dispersion is not trivial since it willfeact dispersion for this lens-source configuration. The situation does
the lensed and the unlensed cadedéntly. The magnification not change much for sources in the most interesting regions
will boost the faint end tail, thereby adding from this tail suwhere the SN rate is high. However for lighter clusters we see
pernovae in area 2 of Fig. 1 to the number count. Tifeceon that the approximation becomes worse. Similarly, extinction
the unlensed case will be to add some SNe beyond and remi@gses have been neglected. Thus, the net benefit of gravita-
some SNe prior t@;, but with a larger volume for the onestional lensing is somewhat underestimated, as GTs would cer-
beyond. The fect will also depend on theftierential SN rate, tainly enhance the detectability of extincted supernovae.
especially around;,. A more careful investigation should of  In Fig. 17 we can also identify the regions where secondary
course include the SN brightness dispersion. and tertiary images appear. Tertiary images show up in the

5. Discussion
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innermost regions up to the first big dip. Secondary imagebservationsn;, > 27 mag or for very bright SNe (e.g. Type
are located between the two dips and outside the second ldipthe competingféect of field reduction dominates and fewer
(the locus of the Einstein radius) there are only primary insupernovae are likely to be discovered behind foreground clus-
ages. Although not obvious from Fig. 17, in all our considers. However, the most importanffect is that the detection
ered models primary images are much more abundant for largge at high redshift could be significantly enhanced when there
fields-of-view and roughly make up about 95% of the imageis.an intervening cluster acting as a gravitational telescope.
However, the fraction of secondary and tertiary images is larger
for lower redshift clusters (and also for SIS clusters which are
more dficient image-splitters) since we then look at the more
central parts of the cluster.

We have only studied spherically symmetric clusters whi
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