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ABSTRACT

We summarize the evidence from the JWST perspective why (ultra-)d&&X Burveys for First Light
objects (z 10) shouldalsobe done in random fields that are largely devoid of bright foregrounjeats, and
not in majority around bright foreground clusters of galaxies-atz2 or any other large bright foreground
association, that significantly fills most of the sky pixels and that adds suladato the sky-background
and the sky-background gradients. Our arguments are:

(1) The JWST sunshield and optics design and fabrication make it very ttkalyheaverage medium-
deep to deep JWST survey field will have an out-of-field straylight caenpdhat has an amplitude of
30-50% of the Zodiacal foregrounét the moment, we do not know the expected spatial scales of this out-
of-field straylight, but the source is the Galactic plane and Galactic Centeghwoth will add straylight
via rogue paths on top of the in-field zodiacal foreground observedeidWiST IR detectors. Since Galac-
tic near-infrared sources show (strongly) varying structure on-jaatmin scales, the JWST out-of-field
straylight could have significant gradients on (sub-)armin spatial scEesamplitude of these out-of-field
straylight gradients expected in the JWST images is at the moment also unknavere we outline meth-
ods to estimate the out-of-field gradient-amplitude on arcmin scales. We deyépwow that the overall
out-of-field straylight will add 30-50%-0.3-0.5 mag) to the Zodiacal foreground at }+#8 wavelength.

If the out-of-field straylight is completely flat — as the Zodiacal foregiisicompletely flat on arcmin
scales — then the noise penalty is orly/1.4~1.2, and therefore quite manageable. If however, the JWST
out-of-field straylight has gradients that are as sma#t 4%o of the signal itself —i.e. 0.3—0.5% of Zodiacal
sky — or possibly substantially larger, then they will be quite noticeable in (Miteep JWST images. In
that case, every effort needs to be made to properly measure andaé¢inese out-of-field straylight gradi-
ents. Ingl of this paper, we outline how we can best do this by planning and schgdhin(ultra-)deep
JWST observations such that an optimal dithering and drizzling is possikteyithallow us to accurately
measure and subtract these gradients in each location of the sky.

(2) Combined (ultra)deep HST ACS and WFC3 survey work has showgeawent between a signif-
icant number of independent groups that the evolving faint galaxy luntynfasiction (LF) shows a steep
faint-end slope, that systematically seems to get steeper at higher redsbstghly as steep as Schechter
a~-2.0 at z 8. At the same time, the characteristic Schechter LF luminagityseems to get systemat-
ically fainter from AB~—21 mag at z2 at the peak of cosmic star-formation, to possibly as faint/&s
~-19.5 mag at28. If this trend continues for’z10 andM* reaches significantly fainter than AB-19
mag at z 10, then it is possible that the majority of First Light objects will not only entérg-)deep JWST
images via direct lines-of-sight, but also via gravitational lensing bias (\&githl.2011). This lensing bias
would be caused by the average galaxy foreground hale-at2. Hence, ifA/* continues to get fainter
with redshift at z 10, then at z 12—14 it is possible that many such objects may become visible via lensing
by the average foreground galaxy halo at1-2, and not via straight lines of sighlf this is true, then it
may not be necessary to spend an enormous amount of HST time on fordgrosters (z 1-2) to obtain
a large sample of 29 objects, since mostzzZ12—-14 objects may be seen as lensed by random foreground
objects at z~1-2, and about half of thezzZ10—12 objects may appear into the JWST samples that way. In
summary, depending on the exdat* (z) behavior for z 10, there may not be a need to obsenzelz2
clusters to create an advantage in seeindz objects for JWST, because the averagd-z2 foreground



galaxies may provide this gravitational bias just as well. Targeting clugtifir&llow one to peer deeper
into the galaxy LF, because their gravitational magnification will be largemilialso reduce the number
of other z210-12 objects that enter the sample due to gravitational lensing bias fraarégreground
galaxies, as well as the number af ¥0—12 objects that enter the deep field sampldsnsedecause they
can be seen in between the foreground objects. This reduction in nuisbessto the fact that the extended
cluster halo light will prevent the observer to see many of the other, moa&lwkensed or unlensed:2.0—
12 objects. This effect will only be compounded if the out-of-field strajtligas significant gradients (see
(1)) that cannot be easy measured or removed in deep cluster imagagsedt may not be separable from
the diffuse cluster halo light in the dithered (ultra-)deep JWST survey image

(3) From the stray-light perspective discussed in (1), inesy therefore not be optimal to focus future
JWST (ultra-)deep fields exclusively on known foreground clustecsuse in such objects the Zodiacal sky
will be swamped with the extra cluster foreground and its diffuse halo light B+2. This could then prevent
the JWST deep survey observer to make accurate sky-flats, and tog@mpadditive gradients from the
(ultra-)deep JWST images in the out-of-field straylight, whose overall andglitve know will amount to
the 30-50% of the Zodiacal level. Since its these gradients could be a sghifiaction of the out-of-
field straylight amplitude itself (see (1)), this then may reduce the usefutiéskra-)deep JWST fields in
those areas, since the foreground cluster and its diffuse halo light wilept the observer from separating
any additive gradients (out-of-field straylight plus thelz2 cluster) from multiplicative gradients (residual
flat-field errors). If on the contrary, the foreground just consistshef uniform Zodiacal light, plus the
out-of-field straylight with some significant gradients — as will be the caseaftdom “blank” deep fields
— then there exists a possible path to measure and subtract these gradmmb tareful dithering and
drizzling of the data.

In conclusion, the combination of (1) and (2) — unanticipated by many ohtiswe were recently
confronted with these possibilities — suggests that not all (ultra-)deeplJSU&reys should be done in
regions with very dense foreground structures, such as clusteedaigs or other foreground structures at
z<1-2. Onthe contrary, forz12-14, arandom field — which will always have gravitational lensing bias —
may do as well as a foreground cluster in biasing such objects into the Javgiles (it will likely bias more
visible zz 10-12 objects into the JWST samples than a rich cluster, but will do so with legsfination),
and in any case observing random fields will provide far superiogfoend gradient removal. In the real
world of the JWST implemented as is, its expected out-of-field straylight andésilpe gradients thus
suggest to observe at least a significant number of (ultra-)deep JiBIE3 in random “empty” regions
of sky. One should carefully study what combination of (ultra-)deep TW&ds centered on foreground
clusters, plus “random” blank fields fields would be optimal in covering bothvigry faint-endand the
brighter end of the 210-20 LF with sufficient statistics, and at the same time allow for the possibility to
carefully map and subtract the out-of-field stray-light patterns in thesitots of the sky.



la: Sky-Gradients Expected in JWST (Ultra-)Deep Surveys from Outof-Field Straylight Sources

Fig. la. shows the 128-hr HST/WFC3 IR-mosaic in the HUDF at 1+h.§YJH filters; Bouwens et al
2010, Yanet al. 2010; 85 additional hours by R. Ellet al. have been observed in fall 2012, but are not
yet added here). Fig. 1b shows the same WFC3 IR-mosaic, but stretchiegkd— of Zodiacal sky. The
closed-tubeHST has residual low-level systematics, which are due to, e.g.: impederival of detector
artifacts such as persistence and dark-current gradients, refimiuflding errors, and/or faint straylight
from out-of-field sources. Some of these features have improvedapgksired with the v2.0 of the WFC3
IR calibrations available as of early 2012, but those are not includex] kircethe point of this study is
to show what would happen if the JWST near-IR out-of-field straylightignas are 103 of the Zodiacal
sky — as shown here in Fig. 1b — or substantially largéne open JWST architecture needs very good
baffling, straylight and rogue path mitigation to do ultradeep JWST fields E})Bo 10~ of sky, which is
essential to make complete object catalogs to AB=31-32 mag. We do, howevknow at the moment if
(ultra-)deep JWST images can reach that kind of surface-bright8&ssensitivity, and if they will allow
us to subtract the local sky that accurately around these very fairttsbjehe reason is the following.

We do know that JWST at 1-+8n will — in addition to the regular Zodiacal background — have at
least a~30-50% (of Zodi) straylight contribution that comes from out-of-fieldrses (specked at 2.0n;
see P. Lightsey, 2010, JWST Mission CDR). Even if this out-of-field 8glathas only a 1-10% amplitude
variation across the NIRCam FQV, this can still cause sky-backgrotadiemts of~0.4—4.0% of Zodi, or
10-100« larger than those seen here in the HST WFC3/ACS HUDF images in Figlf teir possible
amplitude and spatial scales are not carefully modeled and properly nderstood, these out-of-field
straylight patterns could thus become the dominant limitation of ultradeep JWST images in going as
deep as they need to go, assuming every other component in JWSDrks as designed.

In Fig. 2 we show the median sky surface brightness (SB)liArchival HST WFPC2 F606W images
observed with the DARK-SKY or LOW-SKY option (Windhorst al. 2012, in prep). This median sky-
SB was measured away from all known objects in each WFPC2 image, asdayudominated by the
Zodiacal background. The observed F606W sky-SB is plotted vexdigic longitude/““ (2a; top panel)
and latitudeb™? (2b; bottom panel). The ecliptic latitude dependence is most pronounoddshews
the usualvertical sechp®® ) dependence on latitude, as expected for an observer that resiakes tins
(exponential) Zodiacal disk (Windhorst al. 2012). Since the Zodiacal spectrum is caused by scattered
sunlight, and slightly redder than the solar spectrum, we expect a similarczddiay-SB“ ) behavior
for JWST in the near-IR in L2, reaching a minimum Zodiacal background-tvaHd of AB~22.7 mag at
the Ecliptic poles. Most LOW-SKY WFPC2 sky-SB observations are within3 mag from the minimum
Zodiacal level in the optical (indicated by the upper ridge-line of data in B, except for a few significant
outliers, which in the case of HST almost always occur because theBle&me unmeasurable, since
the HST target of interest (usually a globular cluster, a nearby galasyrioh galaxy cluster) overfilled the
WFPC2 FOV.

For the closed tube HSMostoccurrences of excess sky-SB in LOW-SKY WFPC2 images are modest,
and occur due to a small amount 0.3 mag) Earthshine leaking into the WFPC2 sky-background, which
manifests itself as a constant — or at most a very slightly sloped — structsifgbase across the WFPC2
image on top of the expected Zodiacal sky-SB (see Fig. 1b), which ceadily removed during the sky-
background subtraction procedure that is applied during the faintiodiggection and photometry phase.

For JWST, the out-of-field straylight will likely be of ord&0-50% of the Zodiacal backgrounicg.,
be ~0.3-0.5 mag brighter than the Zodiacal sky (see P. Lightsey 2010, JWSIoMiSDR).It may carry
spatial patterns that are at the moment unknown, but that could be s@mifon spatial scales contained
within NIRCam imagesThe brightest IR sources in the sky — the Galactic Plane and Galactic Genter
are expected to contribute most of this 30-50% out-of-field straylight. Shreiespatial structure is highly
variable in the near-IR on arcmin—degree scales, it is not clear whataheof-focusspatial contribution



andamplitudewill be in deep NIRCam and FGS images on arcmin scales. Such structwieshawve a
10-100<larger amplitude on arcmin scales than those seen in the the HST WFC3 HUPRnezages
in Fig. 1b, which were few 10~ of the Zodiacal sky-SB in amplitude (see also Windhetsal. 2011 for
a discussion of similar gradients in the WFC3 ERS imag#s3o, such out-of-field straylight patterns
could become a significant limitation to JWST’s ability to image clean ultraleep fields, unless careful
measures are take to accurately map and remove these spatialtperns. Hence, my JWST team plans
to carefully model the spatial scale and amplitude of these out-dield straylight sources for JWST,
and outline the best strategies to mitigate the impact of this strayligt: how many dithers with how
large of a range in dither steps are needed to optimally map and sub#ct such straylight patterns at
the (RA, DEC) locations most visited by JWST in the sky?

1b. Strategies to Estimate & Remove Out-of-Field Straylight Gradiens in JWST (Ultra-)Deep surveys

At the moment, we suggest to proceed as following to best estimate and $alotyamut-of-field straylight
gradients that may be seen in JWST (Ultra-)Deep survey images. As weneae about the completed
JWST OTE, its actual instrument optics, and its flight detectors from the J&@#h vacuum tests, this
strategy will be modified and improved in the next several years:

¢ (1) Based on the WFC3 IR detector experience, we will outline the most Idketgctorcauses for low-
level gradients in the processed WFC3 images, and identify and test teepdssible corrections. Among
these are, in no particular order, and not part of a complete list: a) timendept dark-current variations
and irregular patterns; b) persistence and imperfect persistena@xtons; c) time-dependent and color-
or SED-dependent flat-field errors; and d) faint sources of intemaxternal straylight. All of these are
additive corrections, except for ¢), which is multiplicatiVige will investigate the best available WFC3 on-
orbit calibrations and the best recipe to optimally separate and remove @ivadehd multiplicative errors,
and test this on the ACS+WFC3 HUDF images in Fig. 1b (including the new 2QR2MAHR data and v2.0
of all the WFC3 calibration files).

e (2) From the first or most recent NIRCam thermal vacuum tests, we will colfeete possible and where
available, the best set of JWST NIRCam bias frames, darks, linearitgatimms, persistence corrections,
and internal flat-fields. Then we will split this data in two independent halwed use these to repeat the
analysis that was done for WFC3 above and in Windhetsdl. (2011). The end-product here is a first
order assessment of tivgernal detectorcontributions to the residualdditive (bias, dark, persistence) and
multiplicative (flat-field) errors for the NIRCam detectors. While not directly valid fog #xact on-orbit
L2 NIRCam performance, this exercise should give us a good idea sés#itual intrinsicgradients that
the NIRCam detectors will produce when they are pointed at the sky inuedy before any out-of-field
straylight gets added.

¢ (3) We plan to work with with Mark Clampin, Chuck Bowers, Kong Ha at GSFC,Rawdl Lightsey at Ball
Aerospace to see if the (GSFC or Ball) version of the out-of-field straytigfiware can be rugpecifically

to predict thein-field NIRCam variations of the out-of-field straylight, that we know will be segdWST
once itisin L2. We know the out-of-field straylight will have an amplitude of30% of Zodi (P. Lightsey,
2010, JWST Mission CDR). What we don’t knowhi®@w constanthis extra sky-SB is: will it likely be
say, +40%-0.01%, or +40%-10%". If the former could always be guaranteed, it will just result inréyfa
harmless noise penalty ef\/1.40~1.2. But if the sky-ray tracing in a realistic situation shows that the sky-
SB gradients aralways 40%t10%, then we have a serious isslibe next question to address then will be:
can thespatial scale of the 40%10% amplitude variation be predicted by these estimatési?e answer

is yes, and thespatial scalesare always large (i.e5> many degrees), then the harm done to ultradeep
JWST images may only be adding of a 40% sky-amplitude with a very mild low-é&egugradient, which
can likely be removed with a tilted plane. If the answer is, 4896+10% on arcmin scales, then we have
a more serious issue for JWST (ultra-)deep fields, that we need to learrichoptimally correct for, and



certainly plan for in the deep-field selection and the scheduling stage of dthsgsevations.

e (4) Outline the best JWST dither and drizzle strategy that helps correct fa¥o+0.1% to +40%-10%
sky-gradients on arcmin scales in the processed NIRCam images (remtrabere need to remove the
Zodiacal + out-of-field straylight sky locally to within 0.01% to reach AB=32-mag!). With the spatial
scale bounded from the exercise in (3) above, we will:

(a) Outline the best strategy to plan and take the NIRCam images, and then:

(b) Simulate some of the actual on-orbit NIRCam images, starting with the initial ptdcam (2) the
thermal vacuum NIRCam images to provide the NIRCam bias, dark-dwanehflat-field pattern.

(c) Add the observed (AB29 mag) and simulated galaxies to AB1-32 mag, that have been made as
much as possible noiseless with the SHAPELET algorithm, and convolved witttcthal JWST PSF (after
removing the ACS or WFC PSF in quadrature).

(d) Add the estimated +40%0.1% to +40%10% out-of-field sky-gradients on arcmin scatesa fixed
sky-gridto the simulated NIRCam JUDF images from (c).

(e) Then drizzle and stack this data, and see if the known input out-of-fiedgligfint pattern can be iso-
lated from the crowded ultradeep JWST galaxy images, so that it can beaselg subtracted from all the
individual NIRCam exposures. If so, then subtract this localized ligtgtypattern in the best possible way.
(f) Then re-drizzle the stray-light corrected NIRCam images to the final (sted)ldUDF product. See
how much the stray-light corrected end-product has improved ovetrtde lgght rich original, and identify
which part(s) of the above strategy and procedures can be improved.

One outcome of this exercise will be an answer to the following question: WhgBSpéc or MIRI or
FGS take~30 hour integrations on very faint JWST targets, can NIRCam usefulbatibration parallels in
terms of sky-flats, so that when it observes that same target nextel@opsly), any out-of-field straylight
patterns in this particular field can be optimally mapped and removed from thd JWjes? Note this
requires that the primary observations do regular field offsets or dithezsy. to get their targets in different
MEMS slits in different exposures to optimize their own faint-object skytsdbion, but it is expected that
this will be a common observing modes when doing spectroscopy on fairttebjé not, this should be
considered in the observing modes of these instruments. The goal ofdlie piwcedure is to constrain
and estimate the spatial scale and amplitude of the out-of-field stray-lighegtadhat may be present in
(ultra-)deep JWST images, and the best strategy to map and remove these.

2a. How may Gravitational Lensing Bias Affect (Ultra-)Deep JWST Suveys for zZ> 10 objects?

This section describes JWST related work in collaboration between ID&Ré&fndhorst (ASU) and col-
laborators Prof. J. Stuart B. Wyithe (Univ. of Melbourne, Parkvillgtdtia, Australia), and Dr. Haojing
Yan, (Ohio State Univ., Columbus, OH). In Wyitle¢ al. (2011), we suggested that gravitational (galaxy-
galaxy) lensing may lead to a correlation between the sky positions of highifedandidates and bright
foreground galaxies, and presented some evidence for this corretationg a sample tentatively identi-
fied at z210.6. By extrapolating the evolution of the galaxy LF-slope and amplitudeé & i is possible
that gravitational lensing may dominate the observed properties of galaxedl@ discovered by JWST.
The observed surface density of galaxies-al2—15 may be boosted by an order of magnitude, and most
22 12-15 galaxies may be part of a multiply-imaged system, located less-+thanc-second from a brighter
foreground galaxy (see Fig. 4-5 here).

Recent deep HST WFC3 near-IR surveys have been used to idemtiflydus of candidate high red-
shift galaxies, providing the most direct observations of galaxies tiatired the Universe atz7 (e.g.,
Bouwenset al. 2010, 2011; Oescht al. 2012; Yanet al. 2010). Standard models predict that a high inci-
dence of gravitational lensing will likely distort measurements of flux and rexrabthese earliest galaxies.
We suggest that gravitational lensing could dominate the observed pespairthe most distant galaxies at
z2 12 discovered with JWST. The possibility of large lensing biases in highidamples is of crucial
importance to the optimal design of surveys for the first galaxies, pareatehtral mission of JWST.
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JWST will use the number counts of high redshift galaxies to build up a statidésaription of early
star-forming activity. All galaxy populations are observed to have aattaristic luminosity L* ), brighter
than which galaxy numbers drop exponentially (Fig. 4a). This charattelisninosity L* (or M* ) is
measured to be smaller at earlier times (Fig. 3b). We suggest that if theydimiteis shallower than the
characteristic luminosity.* — as expected for very high redshift galaxy samples — then the potential fo
gravitational lensing to modify the observed statistics increases dramaticaglys@—5d). Indeed, multiply
imaged candidates atZ—9 have already been discovered behind foreground clusters g&ddrsearches
(CLASH, e.g., Zhengt al.2012), suggesting that this may also be a viable and efficient method fordgind
faint high redshift galaxies.

With JWST, galaxy surveys will be undertaken out to even higher redsWéll into the epoch of
First Light. Following the argument above, the gravitational lens fractign,, , as a function ofd/*
for zZ 6 is shown in Fig. 5a-5b (Wyithet al. 2011). The flux limits correspond to an ultra-deep JWST
survey (m;,,~31.4 mag), and a medium-deep survey,;(m-29.4 mag). The evolution of the characteristic
luminosity is currently unknown at>z10. For comparison, we therefore plotted the data corresponding to
estimates of\/* based on an extrapolation from lower redshift HUDF data (Fig. 3b). bagsuggests that
in ultra-deep JWST surveys for First Light objects atl0—-14, more tharf}.,,s ~10% of the candidates
could be lensed (Wyithet al.2011). In much shallower JWST surveys that only sample the exponeiitial ta
of the Schechter LF, a lensed object fractionfof,s ~10% could be seen at redshifts as low a8z10.
However at Z 12-14, the lensed fraction in such surveys could be much higher, andffeaythe majority
of observed galaxies. Surveys with JWST therefore need to be dgnelfanned and analyzed, in order to
obtain a true sampling of very high redshift objects, as seen throughrdgréaind of lensing galaxies.

As in the case of the HUDF, many of the gravitationally lensed systems will natdoified via a
detected second image. The fraction of galaxies that are detected as multiggdisystems by JWST is
again significantly lower than the true multiply imaged fraction. However, as tHgpteuimage fraction
becomes very large at high redshifts>(2), observed doubles could become common (Fig. 5b). For
example, the fraction of galaxies that would be observed as doubles loed#tger thant;,,,;; ~10% at
redshifts z 12 in a medium-deep JWST survey, andl6 in an ultra-deept 4z <31.4 mag) JWST survey.
Fig. 5c also shows the predicted distributions of separation for galaxiesvaised by JWST from bright
foreground galaxies (Wyithet al.2011).

If the observed evolution id/* (Fig. 3b) continues to higher redshift, then the spatial distribution of
high redshift galaxies relative to foreground galaxies will depart framdom at redshiftsz14 for ultra-
deep surveys, and at 40 for medium-deep surveys with JWST. The majority of very high redshltbdes
discovered with JWST may then be located less than 1” from a foregroalacyy and may have been
gravitationally magnified into the sample.

Of importance are the potential implications of lensing bias for the number ofredghift galaxies
detected in deep JWST surveys. A key goal for JWST will be to measurauimer counts of high
redshift candidates, and to use these to construct luminosity functiofsn(lofFder to build up a statistical
description of star-forming activity in galaxies. LFs describing the densisporces per unit luminosity are
parametrized by a Schechter function, including free parameters foothergaw slope at low luminosities
(alpha), and the characteristic absolute AB-magnitudg g —A* ~—2.5 log(L/L* )] brighter than which
galaxy numbers drop exponentially (Fig. 4a). Gravitational lensing hgsdteatial to significantly modify
the observed LF from its intrinsic shape. In particular, at very high luniiiesson the exponential tail of
the Schechter function, the LF shape can be modified from exponentigddwer-law, since gravitational
lensing magnifies numerous faint sources to apparently higher luminositieseffect is shown in Fig. 5d
(Wyithe et al. 2011), where the intrinsic and the gravitationally biased LFs are prese8iade the high
redshift LF is unknown, we assume an extrapolation of the fitting formulaedan candidates discovered
in and around the HUDF. Fig. 5d shows that the shape of LFs near thdifflitxare not affected by
gravitational lensing at z6—7. However, Fig. 5d suggests that planned surveys with JWST willureas
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LFs that may be significantly modified by lensing at redshifts abavé4zand z-10 in ultra-deep and
medium-deep surveys, respectively. In conclusion, this means thatliégp surveys of the First Light
epoch at z 10 may be limited by "gravitational” confusion, where a good part of the iigit "forest”
may be gravitationally amplified by the foreground galaxy "trees”. Lensiag twill therefore need to be
carefully considered for First Light studies with JWST ati0-12.

2b. Strategies to Plan and Execute (Ultra-)Deep JWST Surveys f@ ~ 10 objects in the context of
Possible Gravitational Lensing Bias

In the context of the possible effects of Gravitational Lensing Bias asritdesl in52a, we outline in this
section possible strategies how to best plan and execute (Ultra-)Deep SWeys for First Light objects
at z> 10. We recognize here too that these strategies will evolve as well betveseand JWST’s launch,
especially when we learn more about the faint galaxy LF~a8-z10 from current deep HST programs,
and those that are planned for the near future as long as we still havBAHFEB. Windhorst and his
JWST collaborators at ASU and elsewhere plan to proceed as followingantify in more detail the
potential affects of gravitational lensing bias in deep JWST images atifesdsh8-10 — and at z 10-12

in particular in the next few years:

e (1) Using hierarchical models available to a group of hierarchical simulatd8sipércomputer group at
ASU and elsewhere, we will investigaifeand howthe L* /M* star values continue to decrease towards
higher redshifts (which is expected in hierarchical formation scenarssthe current WFC3 surveys now
suggests for z 3 (Fig. 3b). We will quantify more precisely to what extent ivisavoidablan “shallower”
HST and JWST surveys (i.e. those only reaching~&®—-30 mag) that a significant fraction of the &-10
objects will enter the JWST samples through gravitational lensing biaspainda straight lines of sight
(Fig. 4bcd). Preliminary results of such hierarchical simulations (Mowgaal. 2012) seem to indicate a
smooth continuation of the(z) andM™* (z) trend in Fig. 3a—3b, respectively, at 810 with possibly

a stabilizing of the faint-end slope value around2.0 at 22 10. If this is indeed confirmed with more
and deeper HUDF data and higher dynamic-range hierarchical simulagiodsf indeed) * continues to
get fainter with redshift at z8-10 as Fig. 3b implies, then the gravitational lensing bias fronatteeage
foreground field galaxy population atA—-2may be as large as indicated in Fig. 4-5, with as main result that
the z-1-2 foreground galaxies in random deep JWST fields will gravitationally designificant fraction

of the z 12 objects to appear above the JWST detection thresholds. In other,wumrdspecial fields
with rich foreground clusters may be needed, but instead the averaggrdond galaxies atz1-2 may
gravitationally lens much of the average backgroundal@-12 into the JWST samples.

¢ (2) In the context of gravitational lensing bias, we will carefully investigate tteection the objects in
“ultradeep” JWST surveys (i.e. those reaching ABL mag) may become visible in between the brighter
foreground (z=1-2) objects via straight lines-of-sight, i.&ithoutlensing bias. It is possible that in the
shallower JWST surveys (AB29), many z 10-12 objects may become visible via lensing bias (Fig. 5d).

¢ (3) We will outline the optimal JWST observing strategies, so that gravitationahighsas by the average
foreground field galaxies atz1-2 of First Light objects at z10-12 can be measured optimally, so that
gravitational lensing bias can be properly addressed. For this, we wélsfigate the following aspects:

¢ (3a)How can medium-deep JWST surveys (to AB9—-30 mag) effectively map the expected gravitational
lensing bias, and what is a sufficient number of filters (i.e., using the naW&T observing mode) that
accurate photometric redshifts of all the foreground lensing objects eanade. We must plan to make a
complete mass vs. redshift map of all foreground lensing halos&t2), to properly analyze the bright-
end of the LF in shallower surveys, and to correct for gravitationalifenisias.

e (3b) We must incorporate the strategies outlinedla—1b to assure that (ultra-)deep JWST surveys can
carefully map and subtract out their out-of-field straylight. This includes¢guirement that all such sur-
veysoptimally take their own sky-flats in their own direction of the tskgbtain the best possible sensitivity,
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so that we can map the faint-end of the LF atlf0-14 right around and in between thelz-2 foreground
galaxies. We will investigate to what extent these may be the only locationgwhisipart of the LF can be
directly measured without lensing bias.

e (4) We will also outline the requirements for a new generation object finding ighgas (a new Source
Extractor etc.), that will allow to find faint background objeaigthe halos of brighter foreground objects
at z~1-2 will will do most of the lensinglhis will include the requirements of a multi-color pixel-to-pixel
decomposition of each foreground galaxy, so that its dust extinetio@at every pixel can be estimated and
corrected for in the selection of background objectszat @, that may be lensed into the sample.

3. DISCUSSION AND CONCLUSIONS (see also Abstract)

In this paper, we summarized the evidence from the JWST perspectivéulttar)deep JWST surveys for
First Light objects (z 10) shouldalsobe done in random fields that are largely devoid of bright foreground
objects, and not in majority around bright foreground clusters of gadeatie~1—2 or any other large bright
foreground association, that significantly fills most of the sky pixels antdathds substantially to the sky-
background and the sky-background gradients. Our conclusiens ar

(1) The JWST sunshield and optics design and fabrication make it very ttkalyheaverage medium-
deep to deep JWST survey field will have an out-of-field straylight camnpdhat has an amplitude of
30-50% of the Zodiacal foregrounét the moment, we do not know the expected spatial scales of this out-
of-field straylight, but the source is the Galactic plane and Galactic Centeghwoth will add straylight
via rogue paths on top of the in-field zodiacal foreground observedeidWiST IR detectors. Since Galac-
tic near-infrared sources show (strongly) varying structure on-jautmin scales, the JWST out-of-field
straylight could have significant gradients on (sub-)armin spatial scBhesamplitude of these out-of-field
straylight gradients expected in the JWST images is at the moment also unknavere we outline meth-
ods to estimate the out-of-field gradient-amplitude on arcmin scales. We deyegwow that the overall
out-of-field straylight will add 30-50%~0.3-0.5 mag) to the Zodiacal foreground at 1+8 wavelength.

If the out-of-field straylight is completely flat — as the Zodiacal foregiisicompletely flat on arcmin
scales — then the noise penalty is orly/1.4~1.2, and therefore quite manageable. If however, the JWST
out-of-field straylight has gradients that are as small %o of the signal itself —i.e. 0.3—-0.5% of the Zodi-
acal sky — or possibly substantially larger, then they will be quite noticealfldtia-)deep JWST images.

In that case, every effort needs to be made to properly measurermogig¢hese out-of-field straylight gra-
dients. In§1 of this paper, we outline how we can best do this by planning and schgdhbér(ultra-)deep
JWST observations such that an optimal dithering and drizzling is possikteyithallow us to accurately
measure and subtract these gradients in each location of the sky.

(2) Combined (ultra)deep HST ACS and WFC3 survey work has showgeawent between a signif-
icant number of independent groups that the evolving faint galaxy luntynfasiction (LF) shows a steep
faint-end slope, that systematically seems to get steeper at higher redsbstghly as steep as Schechter
a~—2.0 at z 8. At the same time, the characteristic Schechter LF lumindgityseems to get systemat-
ically fainter from AB~—21 mag at z2 at the peak of cosmic star-formation, to possibly as faint&s
~—19.5 mag at=8. If this trend continues for z10 andM* reaches significantly fainter than AB-19
mag at z 10, then it is possible that the majority of First Light objects will not only entiérg-)deep JWST
images via direct lines-of-sight, but also via gravitational lensing bias (\&githl.2011). This lensing bias
would be caused by the average galaxy foreground halaat2. Hence, ifM* continues to get fainter with
redshift at z 10, then at z 12—14 it is possible that many such objects may become visible throughgens
by the average foreground galaxy halo at1-2, and not via straight lines of sighlif this is true, then it
may not be necessary to spend an enormous amount of HST time on fordgrasters (Z 1-2) to obtain
a large sample of 29 objects, since mostzzZ12—14 objects may be seen as lensed by random foreground
objects at z~1-2, and about half of thezzZ10—12 objects may appear into the JWST samples that way. In
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summary, depending on the exdat* (z) behavior for z 10, there may not be a need to obsenzelz2
clusters to create an advantage in seeindz objects for JWST, because the averagd-z2 foreground
galaxies may provide this gravitational bias just as well. Targeting clugtifir&llow one to peer deeper
into the galaxy LF, because their gravitational magnification will be largemilialso reduce the number
of other z210-12 objects that enter the sample due to gravitational lensing bias frararégreground
galaxies, as well as the number af ¥0—12 objects that enter the deep field sampldsnsedecause they
can be seen in between the foreground objects. This reduction in nuimbersto the fact that the extended
cluster halo light will prevent the observer to see many of the other, moa&lweensed or unlensed:210—
12 objects. This effect will only be compounded if the out-of-field strajtligas significant gradients (see
(1)) that cannot be easy measured or removed in deep cluster imagagsedt may not be separable from
the diffuse cluster halo light in the dithered (ultra-)deep JWST survey image

(3) From the stray-light perspective discussed in (1), inesy therefore not be optimal to focus future
JWST (ultra-)deep fields exclusively on known foreground clustecsuse in such objects the Zodiacal sky
will be swamped with the extra cluster foreground and its diffuse halo light&t2. This could then prevent
the JWST deep survey observer to make accurate sky-flats, and tog@mpadditive gradients from the
(ultra-)deep JWST images in the out-of-field straylight, whose overall andglitve know will amount to
the 30-50% of the Zodiacal level. Since its these gradients could be a sghifiaction of the out-of-
field straylight amplitude itself (see (1)), this then may reduce the usefuliéskra-)deep JWST fields in
those areas, since the foreground cluster and its diffuse halo light wilept the observer from separating
any additive gradients (out-of-field straylight plus thelz2 cluster) from multiplicative gradients (residual
flat-field errors). If on the contrary, the foreground just consistshef uniform Zodiacal light, plus the
out-of-field straylight with some significant gradients — as will be the caseaftdom “blank” deep fields
— then there exists a possible path to measure and subtract these gradmmb tareful dithering and
drizzling of the data.

In conclusion, the combination of (1) and (2) — unanticipated by many ohtiswe were recently
confronted with these possibilities — suggests that not all (ultra-)deepTJM&/eys should be done in
regions with very dense foreground structures, such as clusteedaigs or other foreground structures at
z51-2. Onthe contrary, forz12-14, arandom field — which will always have gravitational lensing bias —
may do as well as a foreground cluster in biasing such objects into the Javgles (it will likely bias more
visible zz 10-12 objects into the JWST samples than a rich cluster, but will do so with legsfination),
and in any case observing random fields will provide far superiogfoend gradient removal. In the real
world of the JWST implemented as is, its expected out-of-field straylight andésilpe gradients thus
suggest to observe at least a significant number of (ultra-)deep JiIE3 in random “empty” regions
of sky. One should carefully study what combination of (ultra-)deep TW&ds centered on foreground
clusters, plus “random” blank fields fields would be optimal in covering bothvigry faint-endand the
brighter end of the 210-20 LF with sufficient statistics, and at the same time allow for the possibility to
carefully map and subtract the out-of-field stray-light patterns in thesgitots of the sky.

This paper is based on parts of the FY13-FY14 JWST IDS studies by \Wisidand collaborators.
This work was funded in part by NASA JWST Interdisciplinary ScientistrgiNAG5-12460 from GSFC,
and grant GO-11359.0*.A from STScl, which is operated by AURA f&¥\ under contract NAS 5-26555.
We are grateful to the Space Telescope Science Institute Director fodiagyd@irector’s Discretionary time
for the WFC3 ERS program.
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Fig. 1a (TOP): 128-hr HST/WFC3 IR-mosaic in HUDF at 1-Li@ (YJH filters; Bouwens et al 2010, Yan
et al.2010; 85 additional hours will be added by R. E#isal. shortly after 09/2012).

Fig. 1b (BOTTOM): Same WFC3 IR-mosaic, but stretchedtd03 of Zodiacal sky Theclosed-tube
HST has residual low-level systematics: Imperfect removal of detectidfacs such as persistence and
dark-current gradients, flat-fielding errors, and/or faint straylfghin out-of-field sources. The open JWST
architecture needs very good baffling and rogue path mitigation to do ujppat/ST fields (JUDF’s) to
10~ of sky, which is essential to make complete object catalogs to AB=31-32 m@gndW that JWST at
2.0um will — in addition to the regular Zodiacal background — have at least1@% (of Zodi) straylight
contribution that comes from out-of-field sources. Even if this out-déi-fegraylight has only a 1-10%
amplitude variation across the NIRCam FOQV, this will still cause sky-backgtagradients of 0.4—4.0% of
Zodi, or 10-10& larger than those seen here in the HST WFC3/ACS HUDF images!

If their possible amplitude and spatial scales are not carefully modekband properly understood,
these out-of-field straylight patterns could become the dominartmitation of ultradeep JWST images
in going as deep as they need to go, assuming every other compohanJWST works as designed.
Hence, we will carefully model the spatial scale and amplitude of thesout-of-field straylight sources
for JWST, and outline the best strategies to mitigate the impact ofhis straylight: how many dithers
with how large of a range in dither steps are needed to optimally map ath remove this straylight
pattern at the (RA, DEC) locations most visited by JWST in the sky?
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Fig. 2: Median sky surface brightness (SB)at Archival HST WFPC2 F606W images observed with the
DARK-SKY or LOW-SKY option (Windhorset al.2012, in prep). The median sky-SB was measured away
from all known objects in each WFPC2 image, and is usually dominated by ttie&d background. It

is plotted versus ecliptic longitudé’“ (2a; top panel) and latitude”* (2b; bottom panel). The ecliptic
latitude dependence is most pronounced, and shows the westiahl sechp”? ) dependence on latitude,
as expected for an observer that resides inside the (exponential)}cZabdisk. We expect a similar Zodical
sky-SBF ) behavior for JWST in L2. Most LOW-SKY WFPC2 sky-SB observatians within ~0.3
mag from the minimum Zodi, except for a few significant outliers, which in treeacd HST almost always
occur because the sky-SB became unmeasurable, since the HST tamggrest (usually a globular cluster,

a nearby galaxy, or a rich galaxy cluster) overfilled the WFPC2 FOV.

For the closed tube HST, most occurrences of excess sky-SB in LOYWSH-PC?2 images are modest,
and occur due to a small amount@.3 mag) Earthshine leaking into the WFPC2 sky-background, which
manifests itself as a constant or at most a very slightly sloped structurédessgrross the WFPC2 image
on top of the expected Zodiacal sky-SB, which can be easily removathdhe sky-background subtraction
procedure that is applied during the faint object detection and photon&ityr¢e-Extractor) phase.

For JWST, the out-of-field straylight will likely be of order 30-50% of the Zodiacal background
(~0.3-0.5 mag; P. Lightsey 2010, JWST Mission CDR), AND may carry spial patterns that are
at the moment unknown, but that could be significant on spatial scies contained within NIRCam
images. The brightest IR sources in the sky — the Galactic Plane and Galac Center — contribute
most of this 30-50% out-of-field straylight. Since their spatial stucture is highly variable in the
near-IR on arcmin—degree scales, it is not clear what their out-ofecus SPATIAL contribution and
AMPLITUDE will be in deep NIRCam and FGS images on scales of arcmin. Sch structures could
have a 10-10&larger amplitude on arcmin scales than those seen in the the HST WFCG3UDF near-
IR images in Fig. 1ab, which were fewx 10~ of the Zodiacal sky-SB (see also Windhorset al. 2011).
If so, such out-of-field straylight patterns could become a signifignt limitation to JWST’s ability to
image clean ultradeep fields, unless careful measures are takendocurately map and remove these
spatial patterns. Hence, we must carefully model the spatial stmand amplitude of these out-of-field
straylight sources for JWST, and outline the best strategies to migjate the impact of this straylight:
How many dithers with how large of a range in dither steps are needetb optimally map and remove
this straylight pattern at the (RA, DEC) locations most visited by JWST in the sky?

12



-0.5
® This work [a(z)==-1.10-0. 10xz] ‘I’“ a
r B Reddy & Steidel 2009 1 magpnification
— - A Ly etal. 2009 . +—O
1.0 L ry i
C { S7-- 1 fo.
s _15[F }{ _: 10"
-20F B
-2E % -} 3
E 4 + e + E d
-20 z— }{ { * s i i -§ o
-19F E P
| ¢ BOesch etol. 2010 W Sowicki etol. 2006 E ) o
—-18F EMcLure etal. 2009 Bouwens etal. 20100 E " a3
E HBouwens etal 2007 M Bouwens etal. 2010b E e )
_17E #Arnouts etal. 2005 HQuchi etal. 2009 ) o 0 ‘} [ ] ~
0 2 4 6 8 I o e  ©
Redshift ) 0 RS

Fig. 3 (LEFT 2 PANELS): Measured faint-end LF slope evolution (3a; top panel) and charactéustle
nosity evolution (3b; bottom panel) from Hatdi al. (2010, 2012). In the JWST regime at 8, we expect

the faint-end LF-slope to be as steepas2.0, and the characteristic Schechter luminosity to become fainter
thanM™* Z—-19 mag. This could have critical consequences for gravitational lebgisgat Z2 10-12.Fig.

4 (RIGHT 4 PANELS): It may be hard to see the forest for the trees in the first 0.5 Gyrs: Fauadr
galaxies (in blue; 21-2 or age=3—6 Gyr) may gravitationally lens or amplify background galaxies’e#8-z

10 (in red; cosmic age0.5 Gyr; Wyitheet al. 2011, Nature, 469, 181), thereby lifting these objects above
the JWST detection thresholds (solid greelfithis is true, this could change the landscape for JWST
observing strategies. We therefore plan to investigate in much geger detail all evidence we have

for the LF slope and M* value change with redshift from current, planned, and future HST/WFC3
deep surveys, and pursue hierarchical models that predict the spe and M* behavior for z~ = 8-20.

This information will be used to investigate how much lensing bias is expted in medium-deep and
ultradeep JWST images at redshifts z-8—-20.
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Fig. 5a [LEFT PANEL]: Fraction of candidates at%6—10.6 (black—blue curves) that could be lensed by
average foreground objects (at%—2) as present in the HUDF, following Yaet al. (2010) and Wyithe
et al. (2011, Nature, 469, 181)5b [2nd MIDDLE LEFT PANEL]: Same, but for the much smaller
fraction of objects where the second lensed image also becomes visibles29Bag in the HUDF5c
[MIDDLE RIGHT PANEL]: Angular separation distribution of HUDF~Z.0 candidates to the nearest
lensing foreground candidate in the HUDF, suggesting M&t(z~10.6) could be as faint as—17 mag.
5d [RIGHT PANEL]: Following Wyitheet al. (2011), the steep faint-end LF-slop& 2 expected at 28
(Fig. 3a) and a characteristic fainf* that is considerable fainter than-19 mag (Fig. 3b), may result
in the bulk of the foreground galaxies (which are atlz2) to cause significant boosting by gravitational
lensing of objects z8-10, as pictured schematically in Fig. 4a—4d abde will carefully investigate
how this will specifically result in the intrinsic Schechter LF of Fig. 4a — which is an exponential at
the bright-end and a power-law at the faint-end — being modified by gavitational lensing bias into

a double power-law on each side of\/* , as depicted in the right panel here. We will use existing
hierarchical simulations to investigate at what redshift zz 12 gravitational lensing bias may become
the dominant mode of objects entering JWST medium-deep and deegurveys, depending on exactly
how quickly M* is expected to become fainter with redshift for z 10 (see Fig. 3b). We will then design
an optimal JWST survey strategy to best observe this.

M, (mag) M, (mag)
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