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Abstract of Scientific Justification
We propose to use MMT/Hectospec to conduct deep spectrosdopbservations of concentrated
groups of galaxies in order to gain a detailed understandin@f their mass profiles and use them tg
lens high redshift galaxies.At z > 8, observations of high redshift galaxies are crucial in exiy@g our
understanding of the processes of mass assembly and egioniin the early Universe. Direct imaging
of z > 8 objects, however, is not currently possible. Concentrgtedps present an attractive, far more
abundant alternative to massive galaxy clusters for Ignsin 8 galaxies. We have identified a sample of
the 10 most concentrated groups from the Galaxy And Massmslyg GAMA) group catalog, and wish
to conduct deep spectroscopic surveys of each in order tougbly determine their galaxy membersh
to m,=21.5mag. These are the very best 10 lensing groups at ~ 0.4, selected from amongs]
2400 GAMA groups through lensing modeling using their knowngroup masses and concentrations.
These observations will in turn lead to a detailed model efstlrface density profiles of each concentrated
group; a crucial step in lensing studies. We estimate tlsetlenses will magnify upwards of 500 galaxies
at2 < z < 9, which we will image with guaranteed JWST GTO time.
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Summary of observing runs requested for this project Scheduling Sharin
Run Telescope Cage Instrument Pl AO Nights Moon Optimal ptalgle Poss. Adv.
[ 1]|[MMT | /5 |Hectospec | | [ 3 | dark | Feb—Mar| Jan—Apr [yes| no |

Scheduling constraints and unusable date@ip to 4 lines) None.

no text past this line

A * appended to the proposal type indicates a continuatiorogedp a* appended to the name of a proﬁoser indicates the propos%]ﬁagmate) student; a proposer whose name is underlined
is certified on the proposed telescope/instrument combimatf a * appears within the Pl or AO box in the observations summaietdhe instrument is a Plinstrument and/or Adaptive Gptic
are requested — signatures are required on the next page.



Target list (attach list if longer than 26 objects)

# Object RA Dec mag / color / type / redshift/ comment/ etc.
1 GAMA Group 100063 08:54:46.54 -01:21:37.2330.106 concentrated group,12 members
2 GAMA Group 100662 08:36:58.92 00:06:39.030.328 concentrated group,6 members
3 GAMA Group 200059 12:17:31.51 00:23:49.840.372 concentrated groupl4 members
4 GAMA Group 300715 14:31:21.19 -00:53:44.330.402 concentrated group5 members
5 GAMA Group 300765 14:18:12.65 -00:08:35.220.356 concentrated group5 members

Approval for Instrument Use from PI:

(have instrument Pl signature appear on, or attach Pl e-rtwiél| copies)

Graduate students(provide the following information foeach student named as Pl or Col on the cover
page. Have the advisor’s signature(s) appearatirsubmitted copies)

Student’s Name Advisor's Name Advisor’s Signature 2nd-yredis

Tae-hyeon Shin Rogier Windhorst QA«AA_ no yes

Bhavin Joshi Rogier Windhorst Rty no | yes
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| Scientific Justification]
1. Introduction

The study of high redshiftz( > 8) galaxies is fundamental for understanding the proceskesss as-
sembly in the early Universe, as well as shining a light ompridial galaxy evolution, and the epoch of
reionization. These targets, however, are too distant tzabely resolved as anything but point sources. An
alternative approach to visualizing these systems hastbeaagnify them with gravitational lenses, which
enables the detection of several lower luminosity high m#tsargets, along with the ability to spatially
resolve themSuccessful lensing of high redshift galaxies depends cradly on the full understanding

of the mass profile of the lens (and therefore its dark matter kalo), which in turn requires deep spec-
troscopic data on as many galaxies in the cluster as possibleA different approach might be to attempt
a direct observation of lensed systems before polishindetiges through photometric/spectroscopic red-
shifts. However, this is beyond the capability of currerdwgrd-based facilities; we rely on HST and JWST
to reach 28 mag/sg.arcsec and 30 mag/sq.arcsec, but gevendhof JWST time, we need an excellent lens
model before committing that time.

Traditionally, massive galaxy clusters (L0'®> h—! M; Postman et al. 2012) have been the preferred lenses
for detecting highz galaxies. While ideal as lenses, massive clusters are mprelatively rare, but also
tend to contain a large amount of intracluster light. Theetatan make it difficult, or even impossible to
detect faint background lensed galaxies. Concentratagbgr(CGs) offer an equally suitable and attractive
alternative as lenses, particularly because their madgsrare very centrally concentrated, like clusters
(Oliveira & Giraud 1994). Recently the Galaxy and Mass Adsignsurvey (GAMA; Driver et al. 2011)
has provided a high fidelity group catalog (Robotham et al.120from which we have selected a sample
of ten CGs.We therefore propose to use MMT/Hectospec to conduct deep sptroscopic observations

of these CGs in order to characterize the membership of thesgroups as precisely as possiblelata we
will then use to constrain the surface density profiles ohegroup. We will then apply for HST time to
image these lensed objects; and in the future, Co-l Windlvatksallocate up to 100 hours of guaranteed
JWST GTO time to image these lenses and look for high redshiéxies.

2. Concentrated groups selected from GAMA

The GAMA survey is highly complete (98%) spectroscopic hifisurvey out tom, = 19.8 mag with
~200,000 spectra in three equatorial fields measusing12 sq degrees each; as well as two fields in the
southern sky, all of which are shown in Figure 1. One of thenpriy data products of GAMA is the GAMA
Galaxy Group Catalogue (@, Robotham et al. 2011, Figure 2), which classifies appratety 40% of
the galaxies in the survey as belonging to a growe wish to use Hectospec to fully characterize the
membership of these groups, pastn, = 19.8 mag. From this catalog, we have identified a sample of
10 concentrated groups at= 0.35 4 0.05. Our selection process is described in greater detail iméxe
section. Briefly, we calculated concentration parametergach group using its dynamical mass and the
slope between the 80and 68" percentile radii. When then estimated the dark matter helbthese CGs
would be embedded in, and the luminosity function of the higialaxies in order to estimate the number
of lensed systems that can be detected dowsa 89.5 mag, which will be the limit for future space-based
observations from JWST NIRSpedhese 10 CGs are expected to lens approximately 500 galaxiais

z > 2, with 10 or more galaxies atz > 8. Figure 4 displays an HST ACS/WFC3 image of GAMA
CG 200011 lensing a background galaxy, demonstrating tsétfidity of CGs as lenses.

3. Sample selection

Surface density is one of the key criteria for gravitatiolesising, and we are able to calculate this readily
using data in the GAMA Group Catalogue. Each group has a medsadius- and velocity dispersion,,
value associated with it; from these values we derive cateuhe dynamical mass of each gronp (x ro,)
using mock galaxy catalogs whose geometry and luminositgtion match those of GAMA. We note that
we only consider groups with 4 or more members in order torenthe measured, value is reliable. The
concentration parameter is then calculated by compariagatiii at 50" and 68" percentiles. The mass
and concentration values are then used to constrain the deasity and scale radius of an NFW profile.

Given a certain mass and concentration, one can calcukat@algnification bias for strong lensing (Wyithe
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et al. 2003), which is defined as:

S N(> frim/ ) x (dP/dp) x dp
N(> fiim)

whereP(> ) is the probability of getting a magnification greater tharfeste brightness; fii, and uim,

are the limiting flux and brightness (28 mag in our case); aifd- f) is the expected number of sources
within the strong lensing area of the source above a flukor sources at ~ 8, assuming a Bouwens et al.
(2001) luminosity function, withy = —1.91 and M, = —20.1 mag. The lensing bias is therefore the ratio
between the number of objects that may be observed via pasid the number of objects observed in the
absence of lensingBased on this, we pick 10 CGs with the highest bias parameteand list their basic
properties and the predicted number of objected lenseddiyirdable 1, and we show a wider distribution
of GAMA groups atz > 0.35 and the number of predicted lensed systems in Figure 3. Whdertainties
exist, the lensing capability of a group is primarily set hg surface density of galaxies along our line of
sight. Our calculated surface densities mark these terpgrasi the strongest lenses in the GAMA catalog.

B(f) =

(1)

4. CGs and weak lensing

While a strong-lensing study reproduces mass profiles afitigp centers, a weak-lensing study can extend
the mass profiles to the far-outskirts of the groups (see usimoet al. 2007 for a combined study of strong
and weak lensing). As we already have good seeing imagestireGAMA survey and previous HST
observations, MMT spectra out ta,, = 21.5 mag will make it possible to outline the mass profile of each
CG to well beyond the virial radius. We expect to obtain thashefts for the group and its surrounding large
scale structure, all of which contribute to the weak lensiggal, from Hectospec observations.

When it comes to a weak-lensing study of clusters, obtaipimgtometric redshifts (photo-z) from muilti-
band imaging is usually enough, because the lensing kesiebad, spanned over a large distance so that
the overall result is not very sensitive to the source rdtisfiHoekstra 2013). However, we are dealing
with CGs which have much smaller mass and much fewer backdrgalaxies, resulting in a weaker weak
lensing signal cf. clusters. This requires spectroscapiellaccuracy for the redshift distribution. Even if
photometric redshifts suffice, it is still important to kndle exact redshifts for the foreground lenses for
better photo-z estimation; particularly as it allows foredtbr Bayesian estimation of photo-z values, acting
as an additional constraint.

Hectospec gives us an exceptional opportunity for our spgobpic study in that it can obtain 300 spectra
simultaneously. It will give valuable information on soerand lens redshifts for constructing mass profile
fully from the centers to far beyond the outskirts of the growe study.

5. CGs in large scale structure

With its high spectroscopic completeness, GAMA lends fitgety well to studies of structure, from the
group regime to large scale structure (see Alpaslan et &i&® for recent results). Groups are very clearly
embedded within filaments, and are often surrounded by igaldliat are associated with the filament, but
do not belong to any group (Alpaslan et al. 2014a). Given #wy wield field of view that Hectospec
has, fibers placed on galaxies on the outskirt of each groligiwé us a unique, first-time glimpse of the
dynamics of galaxies infalling from filaments onto groupsg &he mass profiles of concentrated groups in
filaments.

Recent work by Lopes et al. 2014 and Lacerna et al. 2014 itedi¢hat local density plays a more important
role in galaxy evolution as opposed to the mass of the growghinh the galaxy resides, particularly with
respect to its color, morphology, and concentration. Theygsest instead that the role of a group is to
trigger changes in the stellar population of a galaxy adl& fato the group, as opposed to once it is inside
it. Our Hectospec observations would give us a unique petispanto precisely these dynamics; and when
combined with existing robust GAMA catalogs of galaxy pndjgs, provide for a more detailed analysis of
the changes in a galaxy as it falls into a group.
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9hrs
GroupID Term  RA Dec log(%) (z) Concentr. N(lensed)
100662 2015A 129.2455 +0.1108 13.63 0.33 25 >1, 2,20
100965 2014B 130.4616 +2.9932 13.61 0.42 21 >1, 4, 40
101258 2014B 133.2719 40.1268 13.59 0.38 20 >1, 3, 30 10
101744 2014B 131.2552 41.4600 13.61 0.41 27 >1,7,70
200059 2015A 184.3813 +0.3972 14.16 0.37 12 >1, 5, 50
200245 2015B 185.2105 +0.1359 14.95 0.40 5 >1, 2,20
200315 2015B 174.9247 +0.7624 13.58 0.35 18 >1, 2, 20
201041 20158 175.7007 +0.5193 13.64 041 20  >1, 4, 40
300715 2015A 217.8383 —0.8956 13.88 0.40 15 >1, 3, 30
300765 2015A 214.5527 —0.1431 14.17 0.36 13 >1, 5,50

| SDSS DR9

Table 1: The ten best concentrated
group galaxies for lensing in GAMA.
N(lensed) gives the expected num-
ber of lensed objects observable with
HST atz > 8 and atz > 2, and with
JWST atz > 2.
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Figure 2: Mass and redshift distributiond=igure 3: Left] Distribution of mass and concentration for
for groups in different surveys. At4 Gyrs GAMA groups atz > 0.35. The concentration parameter is

zCOSMOS |

Figure 1: An ‘overhead’ view of the distribution of galaxies
in the GAMA, SDSS DR9, 2dFGRS, 6dfGRS, and zZCOSMOS
surveys. GAMA's three equatorial fields (shown in orange) are
spectroscopically 98% complete apdovide the best existing
data set for identifying concentrated groups at0.1 < z < 0.4

or a lookback time of 4 Gyrs.
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lookback time, GAMA groups (Robothamestimated from the 50 and 68% group mass radii. Contours are
et al. 2011; green box) cover highethe number of predicted lensed sources, assuming NFW DM
redshifts than SDSS groups, and highdralo profiles. This prediction assumes a limiting magnitude
masses than COSMOS groups, despite thaft AB ~28 mag (for HST observations)Guaranteed JWST
these extend to somewhat higher redshift¥ime will yield 50 times more lensed objectRighf Same
Fewer than 10% of galaxy groups wittd for lensed objects with2z<9. JWST’s 2 mag depth increase
known members are concentrated (Korever HST will provide 6< more sources, and its wider redshift
stantopoulos et al., in prep)e propose range another 2more sources.These best lensing GAMA

to observe the 10 most concentrated groups will yield in total 40 lensed objects detectable with
GAMA groups with MMT/Hectospec. HST, and 400-500 for JWST

Figure 4: GAMA CGs are feasible lenses, as

. shown by this HST ACS/WFC3 image of a

. background galaxy being lensed by GAMA
' group 200011.
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| Experimental Design & Technical Description| Describe your overall observational program. How will

these observations contribute toward the accomplishnfdhieaoals outlined in the science justification?

If you've requested long-term status, justify why this is@ssary for successful completion of the science.
(up to one page)

Our goal is to obtain spectroscopic measurements with ldpetoof galaxies in concentrated groups down
tom, < 21.5 mag, in order to better define their mass profiles. For thipgee, we wish to observe 4 of
the 10 most concentrated groups we have identified from thl&Aurvey over the course of 3 nights, as
well as one additional group for which HST ACS/WFC3 imagiras lalready detected lensinghe time
required to measure redshifts down tom,. = 21.5 mag is 3 hours per concentrated group.

We arrived at this number by following the analysis of the $8Eurvey (Geller et al. 2012), which used
2 hour integrations with Hectospec to obtain redshifts with < 20.8 mag. Given the mean exposure
time for SHELS of one hour, we therefore request 3 hours tohrear limit of m,. < 21.5 mag. Adding
overheads, we will be able to observe two concentrated grpap evening.Given that our aims are to
measure redshifts, we do not require a very high S/N ratio (e. S/N> 5), so this time is sufficient.
We therefore request 3 nights to observe the 4 CGs and 1 ¢egsiup. For comparison, spectroscopic
observations conducted as part of the GAMA survey on the évAgistralian telescope generated spectra
with an average S/N of 4.8, that were reliably used to measure redshifts out te 0.5 andm, = 19.8
mag. Any fibers that are not allocated to galaxy groups wifpllaged on outlier galaxies around each group;
each concentrated group is selected to easily fit into thegledediameter FOV of Hectospec (all our CGs
have a radius< 5.5'), and our target galaxies are sufficiently separated shahftber collisions will be
mitigated (given Hectospec’s minimum fiber separation cd&¥econds).

These 4 GAMA groups were chosen from amongst 24,000 GAMAgsaver 300 deg sqg. with redshifts
z < 0.45 complete tom, = 19.8 mag, about 2400 of which haw¥ > 4 spectroscopic group redshifts.
Hence, we have used one of the best samples that exists tb thelse highly concentrated groups at rel-
atively high redshift £ < 0.45). The proposed set of 4 GAMA groups is thus one of the best mmp
available today at < 0.45 to search for lensed candidategat z < 10 which we intend to follow up with
HST in the next few Cycles, and with JWST shortly after itsnletu in fall 2018 in an optimized search for
z > 10 objects. Therefore, we request here that we can verify theselensing groups with the proposed
Hectospec data, by obtaining spectra that are 1.5-2 magdéet what is currently available. Our work
complements that of Wong et al. (2013) in that we provideifenfields that are optimized for JWST First
Light searches at > 10 over the 2x4’ JWST FOV, without the added complexity of hgvirlarge excess of
foreground galaxies or intracluster light, which may coicgte the stray-light removal from JWST images.
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| Summary of Time Requested and Awarded The TAC needs to understand the scope of this project —
(1) tell us how many UAO nights you've already had for thisjpot, how many you request this time, and
(a good guess of) how many you need to complete the projecif §substantial amount of observing for
this project comes from non-UAO telescopes, tell us abattahserving, and how the UAO part fits in; (3)
if you are collaborating with people who have telescopgseeally if you are part of a large collaboration,
tell us who is leading the project, and how UAO time and youtipigation fit in. {up to one page)

1) As this is a new project, no nights have previously beeemgiwVe request 3 nights for this proposal.
This will allow us to observe the 4 best of our 10 target groupsorder to observe the remainder of our
groups, we will request further Hectospec time of the order @dditional nights after this pilot program is
completed.

2) The targets for this project are chosen from the GAMA syr#&ach group has been identified using AAO
4 meter spectra reaching dowmig. = 19.8 mag; however, this depth is not sufficient to fully identifet
full membership of each group, thus requiring deeper olagiens with Hectospec.

3) Co-1 Windhorst is leading the study of GAMA galaxy grougslenses for high redshift galaxies. This
UAO time is vital to be able to fully model the mass profile oElkearoup; without this information, accu-
rately measuring lensed background galaxies is not pessibkak lensing measurements made with this
data will directly contribute to the PI's (Mr. Taechyeon Shjrdissertation.

References
Postman et al. 2012, ApJS 199, 25 Oliveira & Giraud 1994, A3T, L103
Driver et al. 2011, MNRAS 413, 971 Robotham et al. 2011, MNRAS, 2640
Wyithe, Winn & Rusin, 2003, ApJ 583, 58 Bouwens et al., 201JA737, 90
Yang et al., 2007, ApJ, 671, 153 Knobel et al., 2012, ApJ, 123,
Limousin, M. et al., 2007, ApJ, 668 (2007) 643L Hoekstra, aXiv:1312.5981v1
Alpaslan, M. et al., 2014, MNRAS, 438, 117 Alpaslan, M. et 2014, MNRAS, 440L, 106

Lopes, P. A. A. etal., 2014, MNRAS, 437, 2430 Lacerna, |. et2d114, ApJ, 788, 29
Wong, K. et al., 2013, ApJ, 769, 52



Page 6

| Previous Use of Steward Facilities List all allocations of telescope time for the present project and
allocations for other projects on facilities availablectihgh UAO during the past 2 years, together with the
current status of the data (cite publications where apfatg)r Mark those allocations related to the present
proposal (i.e, precede text witly el at ed command). {p to one page)

e Windhorst, Rutkowski, & Jansen were awarded 3 nights oftjMMT/Blue Channel time in June
2014 for spectroscopic follow-up of emission-line galax#&t: ~ 2. The data has been reduced and
analysis of this program is ongoing, with a drafted papeeetgd by M. Rutkowski et al. by the end
of the year.

e Windhorst, Jansen, Rutkowski were awarded 2.0 nights 220013 to image the four CANDELS
field in the U-band plus the rizY+972N filters with the LBT/LB&bout 1.0 night was lost to weather.
This is part of a larger project to obtain deep U-band imagmall five CANDELS fields, with
significant LBT time also contributed by our Italian, U-MNdJ-VA collaborators. The data has
been fully reduced and analysis of this program is ongoinge first three papers from this project
are currently being written, with expected completion by émd of the year:

e One paper will be submitted by T. Ashcraft et al. to PASP ongilaving the FWHM of Deep LBT
U-band Image Series by Combining Optimally Weigthed Imagle-Stacks.”

e The other paper will be submitted by P. Nguyen et al. to AJ oestived Stellar Population Studies
of Galaxies at 21-3 by Combining HST CANDELS UV and BVizYJH Images with Deejght
Resolution LBT U-band Images.”

e A third paper is led by our Italian LBT Collaborators, by A.dzian, A. Fontana et al. (incl. T.
Ashcraft, P. Nguyen, R. Windhorst, R. Jansen, S. Cohen. &t &8 M. Rutkowski, C. Scarlata,
R. W. O’Connell) to ApJS on: “The 32-hour Ultradeep LBT U-baBurvey of the HST CANDELS
Field GOODS-North.”

IATEX 2 UAO Observing Proposal class, 'soprop.cls’ v1.3 (2007 ALdRAJ]).



