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Abstract We have obtained deep and Ks-band images centered on a bright radio
quiet QSO UM 4024,.,,, = 2.856) using the IRCS camera and adaptive optics systems
that are part of the Subaru Telescope, as well as retrieved3M40W archive im-
ages of this object. A faint galaxy{; = 23.32+0.05 in the Vega magnitude system)
that lies~ 2.4” north of the QSO sightline has been clearly resolved in adldélideep
high resolution datasets, and appears as an irregularygaligtx two close compo-
nents in theKs-band images (separatien 0.3”). Given the small impact parameter
(b = 19.6 kpc, at z;s = 2.531), as well as the red color df/ — Ks)vega ~ 1.6,

it might be a candidate galaxy giving rise to the Lyman Linyistem absorption at
Zabs = 2.531 seen in the QSO spectrum. After carefully subtracting thatspread
function from the QSO images, the host galaxy of this brighio quiet QSO at ~ 3
was marginally revealed. We placed a lower limit on the hostgonent oin; ~ 23.3
according to our analyses.

Key words: galaxies: active — galaxies: high redshift — quasars: gdrerinstru-
mentation: adaptive optics

1 INTRODUCTION

Recent cosmological simulations have made significantrpssgon the understanding of the physi-
cal properties of quasar absorption line systems and timgiligations for the ionizing background.
Lyman Limit systems (LLSs), as a member of the quasar aksorfime (QAL) family, are defined

to be optically thick at the Lyman limii < 912 A) and have a neutral hydrogen column density
of N1 > 10'7cm™2. These objects have attracted much attention in recensy&ae numerical
simulations by Fumagalli et al. (2011) suggest that coldgjemsams of a circumgalactic medium

x Supported by the National Natural Science Foundation ofi&hi
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mostly appear as LLSS\zr > 10'7 cm—2), while gas clumps in the streams give rise to damped
Lyman Alpha systems (DLAS)Y3: > 10%°% cm~—2) as well. Meanwhile, the simulations show that
cold streams are unlikely to produce the large equivaledthsiof low-ion metal absorption lines,
indicating they may arise from outflows.

Although sophisticated numerical simulations with muofhar resolution are available today,
the questions on the physical origin of the absorption lihes whether the absorbing gas primar-
ily traces the cool extended regions of dark matter halosrilgatellite galaxies, galactic disks
or supernovae-driven outflows, still remain in dispute @et al. 1996; Kohler & Gnedin 2007,
Prochaska et al. 2010; Dekel et al. 2009; Fumagalli et al12Rahmati & Schaye 2014). For exam-
ple, Erkal (2014) studied LLSs using simulations which heghér spatial and mass resolution than
that of Kohler & Gnedin (2007), and concluded that the méjasf LLSs reside in low-mass halos,
opposite to what Kohler & Gnedin (2007) have found. Howewerunderstand that the treatment of
the complicated physical processes in the simulation woalgse uncertainties, and observational
evidence and good statistics would set constraints to tmeskels in this case.

Deep imaging and spectroscopy of close QSO/galaxy pairédyavide a unique opportunity
to study both the gas flows around galaxies and their stefipulation, as well as to determine the
morphology and orientation of the galactic disks in spagep&forming a kinematic comparison of
these absorber galaxies and the QSO absorption line systenm®pefully could effectively investi-
gate matter in the circumgalactic medium, which is beingetecl into galaxies or being expelled by
galactic wind. Therefore, identifying LLS absorbers udigh resolution deep imaging would be a
crucial first step in this study, and there has already beefiait improvement nowadays on the de-
tection power of faint intervening galaxies in the QSO digbktboth from space and adaptive optics
(AO)-assisted ground-based large facilities, espectallyards the peak epoch of galaxy formation
(z ~ 3). Recent work on nearby LLSs demonstrates the importanegteding such a study to the
under-investigated high-universe, which has an abundance of galaxy formation éiesv{Stocke
et al. 2010; Ribaudo et al. 2011).

On the other hand, studies of higlguasar hosts have also received increasing attentiow,latel
since they open an important avenue for understanding fesrddy and evolution of massive galax-
ies, in particular in relation to the growth of their centinddck holes. Although deblending the host
components of high-QSOs from the bright central AGNs is non-trivial, previodfsgs in this
endeavor have made significant progress by utilizing higbltgion images from spacél§T) and
AO techniques of large ground-based facilities. A samplaiot or medium-bright QSOs, including
radio loud QSOs (RLQs) and radio quiet QSOs (RQQs) at 2 — 3, have been observed, espe-
cially with the NICMOS camera oHST(Ridgway et al. 2001; Kukula et al. 2001; Peng et al. 2006).
Moreover, ground-based 8 m class telescopes, especidllyA@, offer high spatial resolution for
a powerful detection of high-QSO host galaxies (Falomo et al. 2008; Schramm et al. 2008gWa
et al. 2013). However, properties of the hosts from studi¢keocurrent sample have been the sub-
ject of some debate. Except for the study by Falomo et al.&p0tat resolved a large host galaxy
of a medium-bright RLQ at ~ 2.9, we lack evidence about the peak epoch of galaxy formation at
z ~ 3, especially related to luminous QSOs.

UM 402 is a bright, high redshift RQQ discovered by MacAlpine & Lewi978). It is bright
enough to permit detailed spectroscopic observationsavigsolution ranging from a few to hun-
dreds ofkms~?, and clearly shows strong and sharp LymaandCIV emission lines, as well as
an LLS atz = 2.531 (Nyr > 4.6 x 10'7 cm—2) even with a low-resolution spectrum (Sargent et al.
1989). Previous deep imaging in the optical band of the fietdtis QSO indicated the detection
of several close neighbor8 ¢ 4.7 — 7”), which were all spectroscopically confirmed at redshift
z < 1 (Le Brun et al. 1993; Guillemin & Bergeron 1997). Thus, théagg counterpart of the LLS
seen in the QSO spectrum has still not been identified. It rhighmuch fainter than the previous
detection limit ofm, (3o4x,) = 25.2 or much closer to the QSO sightline.
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UM 402 is also one of the high-QSOs which we selected for a pilot study, using the IRCS
camera and AO system that are part of the Subaru telescoperabissues were carefully consid-
ered during the target selection, 1) higlSOs near the era of peak QSO activity and cosmic star
formation history at ~ 2 — 3 are especially selected due to their importance in the wtaleling
of the galaxy formation scenario; 2) there should be a bdgide star R < 15) sufficiently close to
the QSO sightline< 30”), in order to be observed with the IRCS and AO36 system on tiSi
telescope; 3) the emission linesH6563A), H3 (48614), Oll (3727A) and Ol (5007A) should
be avoided when acquiring the observed bands. This is irmpbitr studies that estimate the host
mass and properties of the host continuum; 4) there existigab#e calibration star that can be used
for point spread function (PSF) calibration, so that the B&fbe subtracted from the QSO images.
We will elaborate on this pointin Section 2.1.

In this paper, we present the initial results from the déegnd Ks-band images centered on
QSO UM 402 €., = 2.856) using the IRCS camera and AO systems on the Subaru Telgscope
as well as archived images of this object taken by WFC3/F14BWDawn Erb,HST proposal
ID 12471). The cosmological parametéts= 0.27, A = 0.73 andH = 71km s~ Mpc~* are
adopted throughout.

2 OBSERVATIONS
2.1 Selection of an AO Guide Star and PSF Calibration Star

For the Subaru AO36 adaptive optics system, a natural gtgdessfficiently close to the sightline
of the target is required to act as a reference source tosaseslegradation of wavefronts due to
atmospheric turbulence. There is a bright star with a magdeibfR = 13.8 and an angular distance
to UM 402 of s ~ 31”. We selected this bright star as our AO guide star, and eggdeotobtain
an AO corrected PSF better thas2” if the natural seeing isc 0.6” (Takami et al. 2004).

Usually, the guide star could not be used to directly modelRISF. This is because the PSF
is expected to change with the angular distance from the A@egstar, and the actual PSF at the
position of the target will be degraded. On the other haretgtiwill be a problem with saturation for
a very bright guide star required for optimal AO correctitmthis case, we have to select another
PSF calibration star which could be observed in conditiesmilar as possible to that of the QSO,
i.e. similar magnitude, direction and angular distancenftbe guide star. We selected a suitable PSF
calibration star for UM 402, which has similar brightnesd aimilar guide star distance, but with a
guide star angle offset 6f 180° with respect to the QSO (see Fig. 1 left). We understand tieat t
decrease in Strehl ratio is not isotropic, and the shapeedP8F varies over the whole field of view
(FOV). However, Kamann (2008) suggested that it is possilipod choice to select a calibration
star around the corresponding opposite position of theaguadargely overcome the variability in
the PSF. This approach will allow some improvement basedetaildd studies of the residuals in
AO-corrected images after the subtraction of the centr&liR$he FOV. The details of the QSO, the
guide star and the PSF calibration star are listed in Tabl&é&.guide star used for AO correction is
the same one used for QSO and the PSF calibration star.

2.2 Observationsand Data Reduction

The AO-assisted(s band deep imaging of UM 402 was made on 2003 September 177)9¢king
the IRCS camera on the Subaru 8.2 m telescope at Mauna Kehea8dbaru Cassegrain AO system
with a 36 element curvature wavefront sensor, as well as afpimtype deformable mirror with the
same number of elements (AO36; Takami et al. 2004). The caoms ond024 x 1024 InSb
Aladdin 1l detector and has two imaging modes with diffdrpixel scales. In the observation, we
adopted a pixel scale @.023” (23mas mode), providing an FOV a8” x 23" (IRCS; Kobayashi
et al. 2000). In order to remove bad pixels, we adopted noietpglithering in a3 x 3 grid with a
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£TScl POSS2UKSTY_Plsd02:09:50 71 00505

Fig.1 Left Finding chart for the QSO, guide star (GS) and PSF calibmastar from STScl
POSS2UKSTU-ReRight A dither-combined WFC3/F140W image of a region with axed’ x 2’
around QSO UM 402, from one orientation in a single orbit. Phel scale i).13". North is up
and East is to the left.

Table 1l Observed QSO, PSF Star and the Guide Star

Obj. Type RA(J2000) Dec(J2000) =z Rmag  texp(h)® FWHM?  Ks¢  GS(dy
UM 402 RQQ 020950.71 -000506.6 2.85515.8 3.0 0.13 14.54 31
PSF star 02095451 —00 05 34.0 16.6 1.0 0.11 15.47 30
Guide star 020952.84 —000515.2 13.8

Notes:* Good exposure times;Image quality as measured by the FWHM for the coadBiedmages of all good
exposures in arcsecondsObservedk” magnitude of the target for the coadd&@ images;® Distance in arcsec
from the QSO (PSF star) to the guide star.

dithering step ob”, 6.5” or 7. To reduce the readout noise, the 16-times nondestruaadout
was applied during the observation. Dark frames and donsevilate taken at the end of each night.
Most of the observing nights were clear and photometric.mbdian seeing size was0.5” and the
airmass was mostly smaller thant. After optimal functionality of the AO system was achieves,
offset the FOV of the telescope to put the QSO or the PSF edilihr star in the center of the FOV.

Similar to the other currently available AO systems, ourestations suffered from the small
FOV, and we were not able to simultaneously include a sw@t&®8F calibration star in the QSO
exposures to directly evaluate the PSF. In order to monitdrassess the temporal variability of the
PSF, we observed the PSF calibration star just before aadth# observations of the QSO. More
specifically, we observed the QSO itself in an exposure s@t>080s, or9 x 70 s using the x 3
dithering pattern, nested between similar dithering oke@ns of the PSF calibration star. Such
interleaved observations could provide us with informatom the temporal variation of the PSF
during the target observations. In addition, such non-kameous PSF calibration would provide
very similar correction quality for the AO systems to the Qi&@ges, since the variability applies
to both the PSF star exposures and the QSO images displayiitars/alues for the Strehl ratio.

We adopt the “core widthryg”, which is defined to encircl@0% of the total flux of a point
source, as the image quality indicator based on a closéamlbetweenry, and the Strehl ratio
given by Kuhlbrodt et al. (2005). We measured thg value of the QSO and the PSF calibration
star for each exposure frame of all three observing nigimts,cly adopted good exposures with
rog < 3.5 pix (Strehl ratioS ~ 50% according to the empirical relation of thg, vs. Strehl
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ratio). Our further analysis and discussion on properti¢gsehost galaxy mostly rely on these good
exposures.

We used the package “IRCS-IMGRED” and the acquired dark édtat field, bad pixel mask
and sky frame to perform flat field correction and sky subioac{Minowa 2008). Finally, the
dithered frames of the QSO and the PSF calibration star wigneea and averaged respectively,
using an outlier rejection algorithm. Values for the fulldth at half maximum (FWHM) of the
AO-corrected and combined QSO image from this run-afe13” and~ 0.11” for calibration star
images respectively (see Table 1).

In order to constrain the redshift range of the resolved fgataxy near the QSO sightline, we
obtained further deeg-band imaging of the field centered on UM 402 using the IRCSerarand
AO0188 on the Subaru telescope on 2012 October 5 (UT), incemabde. In this run, we adopted a
pixel scale 00).052” (52mas mode), providing an FOV 84"/ x 54, The weather conditions during
the observation were very good and the achieved FWHM inJthand was~ 0.2”. Total exposure
time for the target was two hours. We show the final combinddind and<s-band QSO images in
Figure 2 (upper right).

To estimate the value of the Strehl ratio in the AO-corredteages, we assume that the PSF
can be approximated by a double 2d-gaussian profile as

2 2 2 2

Fout = fco2rc exp[_( Y )}Jr fhalo exp[_( oY )}

2 2 2 2 2
27Tacore 20C0re 2UCOT6 27To-halo 2Uhalo 2Uhalo

where f... is the ratio of flux from the diffraction core corrected by th® system to the total
flux (http:/tmt.mtk.nao.ac.jp/ET@adme.htnt f,.1, is the flux ratio of the uncorrected (seeing
limited) halo to the total flux, andl,a1o + feore = 1; Tcore @Ndoyay, are the spatial broadening of an
AO-corrected core and an uncorrected halo respectivelyfiti#e the AO-corrected and combined
J and Ks-band QSO or calibration star images using a Markov Chaint®l@arlo method. The
Strehl ratio is estimated a$trehl = feore + fhalo X (Z2=)2, which gives a value of 39% for

the J-band image and- 41% for the Ks-band image. e
The standard stars FS 110, P533-D and P338-C were obsemv@thdtometric calibration,
which were selected from Hawarden et al. (2001).

2.3 PSF Construction and Subtraction

Our goal with the high resolution AO images is to detect fgataxies along the QSO sightline,
as well as the faint extended host galaxy hidden in the glaligltt from the central bright QSO.
Therefore, it is mandatory to properly estimate the AO PSsarbtract the light contribution from
the bright central point source in the QSO images, in ordemieeil the faint objects underneath,
and to reduce their bad effects in photometric measurements

For the deepKs-band images, the PSF calibration star was observed as veeituses in
Section 2.2. Thus, we can create a PSF using interleavedergsof the PSF calibration star be-
tween QSO observations in two ways as follows:

(1) Firstly, we constructed a sigma-clipping averaged P®mfthe series of star images that is
used for PSF calibration. To detect the host galaxy, we aotetd the PSF from the QSO image
using a very conservative and simple method, which is theesasnother studies on high-
QSO host galaxies. We scaled the PSF flux to the QSO centraiqteasity and aligned them.
Such a method implies an oversubtraction of the nuclear oot from the inner region, and
provides a model independent host detection and a lowetr dimthe host flux (Sanchez et al.
2004). After PSF subtraction, the residual image of thightrQSO in theK s-band is shown
in Figure 3 (upper right). The contour plots of the QSO imaafsr PSF subtraction for each
observing night during Sept. 17 — Sept. 19, as well as thedmshrksidual images from all three
nights, are shown in Figure 4 (left).
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Fig.2 Upper left A combined image of a region with area5” x 5" around QSO UM 402 (central
bright source) in the/-band. The LLS absorber candidate~s2.4” north of the QSO sightline
(marked by a circle in the figure). The pixel scale of thdand image i9.052” and the AO-
corrected FWHM-~ 0.2”. Upper right A combinedKs-band image of a similar region centered on
the QSO like that of the/-band image shown in the left. The LLS absorber candidatedisated
in the figure, and appears as a merging system with two closg@eents having a separation
of ~ 0.3”. The galaxy south of the QSO sightline has been detected I85Sihd other optical
deep imaging projects as a nearby irregular galaxy at 0.36 (Le Brun et al. 1993; Guillemin
& Bergeron 1997). The pixel scale of th€s image is0.023"” and the AO-corrected FWHM is
~ 0.13". Bottom A combined WFC3/F140W image of UM 402 (with a pixel scaléaf3”), after
aligning and de-rotating the two dithered frames from th&osd orientation. The LLS candidate
galaxy is indicated in the figure by a circle. North is up andtisto the left.

Secondly, we applied a principal component analysig\ffased on the Karhunen-Loeve (KL)
transform to construct a PSF from the series of interleaexygpsures of the calibration star
(Karhunen 1947; Loeve 2006). This algorithm is adopted amngjéy the modes in which the PSF
varies with time by a basis function that characterizeséngpbral variations of the calibration
star as well as the QSO images (Chun et al. 2006; SoummeR&d). A~ 2.5"” x 2.5"” region
centered on each reduced frame of the calibration star inwageselected as a search area, which
is considered to be free from any other astronomical sighlalcomputed the basis function by
calculating the KL transform of the set of calibration PSkerdhe ensemble of searching areas.
The first 20 modes with the largest eigenvalues of the basistifun were selected to construct
the best estimation of the actual PSF of the QSO image frompribjection of the QSO image
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Fig. 3 Upper left A PSF subtracted and coaddééband image.052” /pix) around QSO UM 402.
The construction of the PSF model was described in the laagpaph of Section 2.3Jpper right

A PSF subtracted and coaddéts-band image of a similar region centered on the QSO as that of
the J-band image shown in the lef6.023" /pix). We constructed an averaged PSF from a series
of PSF star images as described in Section 2.3 (the first appydBottom A PSF subtracted and
coadded WFC3/F140W image of UM 40@.13" /pix), after aligning and de-rotating the images
after PSF subtraction. The PSF was constructed in a clhgggaby median combining the aligned
frames of other orientations (Rajan et al. 2011). The LLSlwdate galaxy is indicated in the figure
by a circle. The FOV of the image is 7.5" x 7.5".

on the KL basis. We understand that the light from the QSO @alstxy or absorbing galaxies
might be mistakenly interpreted as components of the PSRhars be oversubtracted from the
QSO image. Detailed simulation and discussion of this pwithbe presented in our next paper
(He et al. in preparation). In this work, we simply scale th®@@and the PSF model to make
their peak fluxes equal. In this way, it is consistent withdhalysis using the first approach, as
well as previous studies on highQSO host galaxies. The results of this analysis are shown in
Figure 4 (right). We notice that the residuals of the PSFrsuabtd images are mostly similar in
terms of morphological structure for the two different aggzhes to PSF reconstruction, as well
as among three consecutive observing nights, althoughtislighrunk in the case of PCA. We
thus believe that the host galaxy of this bright RQQ towanégteak epoch of galaxy formation
atz ~ 3 has been marginally resolved.
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Fig.4 Left From top to bottom, we show plots of the extended emissiothefquasar host revealed after subtracting a PSF from th&inech
Ks-band images taken on Sept. 17 —19 respectively, and thagdktlofee nights. The PSF was constructed by averaging tRes®images using an
outlier rejection algorithmMiddle: The observed radial surface brightness profiles of the Q&®Dpluseyand the PSF stagfeen crossgsare shown
from top to bottom, for the coadded good images of each obggnight from Sept. 17 to Sept. 19, as well as those of alletuieserving nights.
Right From top to bottom, we show plots of the extended emissiomfthe good QSO images after PSF subtraction using apprganhS2ction
2.3 for each observing night from Sept. 17 - Sept. 19, as wdhase of all three nights. The PSF was constructed fromettiessof PSF star images
using PCA. The contour levels are from pixel values of —0.8.%in counts, with an interval of 0.2. We plot the negativatoars in dashed lines.
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Fig.5 The contour plot of a region with area 6” x 6 centered on QSO UM 402 in th&s-
band, after subtracting a PSF from the co-added images tifrakk observing nights. The PSF was
constructed by coadding the series of nested exposure® &?$ir star using an outlier rejection
algorithm (the first approach described in Sect. 2.3). Thergled emissions of the quasar host are
marginally revealed, and the LLS candidate galaxy is vésitlthe bottom of the plot({ 2.4” below

the extended emission from the quasar host). The orienta®well as the contour levels for the
plot, is the same as those of Fig. 4. South is up, and Eastleteft.

In the interest of only obtaining thé — K's color of the resolved objects along the QSO
sightline, the PSF calibration star was not observed eilysfor the deep/-band imaging us-
ing IRCS+AO188, during the service run on 2012 October 5 (Giyen that IRCS/-band imaging
is looking at the wavelength blueward of the 400@almer break, we assume that the extended
emission from the host galaxy of this QSO is negligible witBh exposures. In this case, a PSF
could be constructed from the series of QSO images aftefutrenasking out the resolved faint
galaxies in the QSO field, using PCA. We finally subtractednioelel PSF from the coadded QSO
image in a similar way as the one we used for fhe band images. The PSF subtracted QSO image
in the J-band is shown in Figure 3 (upper left).

2.4 Archived WFC3/F140W I mages

WFC3/F140W imaging of this QSO field with tHéSTis available from the MAST archive (PI:
Dawn ErbHSTproposal ID 12471). The IR wide F140W filter (1.2—1u®) covers the gap between
the J and H bands which is inaccessible from the ground. The pixel sofM/FC3 images is
0.13"/pixel. We retrieved four calibrated, flat-fielded exposuim the archive (two orientations
for a single orbit and two dithers for each orientation), vehhe exposure time is 202.934 seconds
for each exposure. Thus, the total exposure time is 811.&&@sls for the WFC/F140W images.
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We reduced the WFC3/F140W images using two methods: 1)ti@mbining the four frames
after de-rotating the two dithered frames from the secorehtation by 30 degrees and aligning all
the four frames (see Fig. 2 bottom); 2) applying PSF subtmatb the QSO images in the classical
method presented by Rajan et al. (2011). Specifically, weigdad one QSO image by combining
the two aligned dithers from each orientation. A PSF imags eamstructed by median combining
the aligned frames of other orientations, and subtractiogn fthe QSO image. The PSF subtracted
QSO images were combined into a final image after de-rotétimgecond orientation by 30 degrees.
We show the processed coadded images in Figure 3 (bottom).

3 ANALYSIS
3.1 GalaxiesNear the QSO Sightlineand the Luminosity

The high resolution images in theand K's bands, as well as the WFC3/F140W filter, have two
clearly resolved galaxies within & 5" x 5”field around UM 402 (see Fig. 2). They are a fuzzy
galaxy aboutt.7” south of the QSO, and a close object2.4” north of the QSO sightline. In the
deep K s-band images (Fig. 2 upper right), the faint object whicls ke 2.4 north of the QSO
sightline appears as a double system with a separation eetthe two components ef 0.3"”.
Meanwhile, there seems to be a faint tidal-tail like feataveards the southeast of the left component
of this double system, suggesting a possible merging syf&ethis object. The fuzzy galaxy south
of the QSO sightline has been detected by the Sloan DigitalSskvey (SDSS) and other optical
deep imaging projects as a nearby irregular galaxy &t 0.36 (Le Brun et al. 1993; Guillemin &
Bergeron 1997).

Using the program SExtractor, we measured the photomethjiofaint object in the coadded
and PSF subtracted images of all three datasets shown ineFaywith a detection threshold of
2.50 over the sky level for thé({s-band image, a detection threshold2ef for the WFC3/F140W
image, as well as &.5¢0 detection threshold for the deefpband imaging. The photometric results
of this faint galaxy measured with a small diameter aper(0r&’) and a large diameter aperture
(1.2") are presented in Table 2. However, we noticed that the acgwf PSF subtraction would
cause systematic errors in the photometry of the faint édgong the QSO sightline.

Table2 Photometric Results of the LLS Absorber Candidate

aper. diameter J app. mag. J abs. mag. F140W app. mag. F140W abs. mé&gs app. mag. K s abs. mag.

0.6” 26.40 £0.14 -20.21 24.01 £0.37 —22.60 24.25 £ 0.07 —22.00
1.2 25.43 £0.10 -21.18 23.65 + 0.32 —22.96 23.52+£0.05 —22.63

For a more reliable photometric measurement without coimation from a neighboring QSO
in a nearby field, we also applied the 2-D decomposition @lgor GALFIT to the coadded{ s-
band image, where the QSO (Moffat profile), and any otherlbnegalaxies (&rsic profiles) in the
field were fitted simultaneously to deblend the componemtsder to reduce the contaminating flux
from the wing in the PSF of the QSO (Peng et al. 2002). The hl&agfgives an apparent magnitude
of my, = 23.32 + 0.05 for the faint galaxy which liesv 2.4 north of the QSO sightline, mostly
consistent with the measurements using SExtractor whictiiseeissed above.

To estimate the color of this faint object, we adopted thedded and PSF subtractég-band
image as the detection image and a detection threshald-oR.5¢ for the sky background (Bertin
& Arnouts 1996). The/ — Ks colors were determined by re-running the SExtractor in thebe-
image mode, in which the faint object detected on the “di&tedimage” (in the Ks-band) was
measured with the same aperture asfHeand image, giving a result 97 — Ks)vega ~ 1.6.

According to the impact parameter versus column densigtiocel p — log Nyp) for all con-
firmed DLA and LLS absorbers given by Moller & Warren (1998 wuspect this close double



684 Y. P. Wang et al.

system might be a candidate galaxy giving rise to the LymamitLabsorption at,,s ~ 2.5 pre-
viously seen in the QSO spectruVigy > 4.6 x 10'7 cm~2). Considering the appareff-band
magnitude versus stellar mass relation for objectsak z < 2.6 from the MOIRCS Deep Survey
(MODS), this galaxy would have a stellar masso8 x 10° M, at the low-mass end of the MODS
sample (Tanaka et al. 2011).

Further observations of the spectroscopic redshift as agekinematics of both components in
this faint object are strongly required. If confirmed, it iedtoe important evidence of a merging
system at high=that acts as a Lyman Limit absorber.

3.2 Extended Emission from the Host Galaxy

To detect the host galaxy, we carefully subtracted the P&h the QSO image using two different
approaches which we have discussed in Section 2.3. Sincénvwdysand conservatively scaled

the PSF peak flux to match the QSO central peak intensity agdeal them in both approaches,
the residuals after PSF subtraction from the QSO imagesyithgke is an oversubtracted nuclear
componentin the inner region, which is a model independetetation of the host and a lower limit

on the host flux (Sanchez et al. 2004).

Contour plots of extended emission from the coadded QSOeémaftier PSF subtraction in the
Ks-band using the first approach described in Section 2.3 fdn ebserving night from Sept. 17 -
Sept. 19, as well as that of the PSF subtracted coadded atsitages of all three nights are given
in Figure 4 (left). A lower limit for the host magnitude wadiesated to ben; = 22.3, m; = 23.2,
my = 22.5 andmy = 22.4 for the images taken on Sept. 17-19 respectively, as wetlaetfrom
all three observing nights, by photometry on the PSF sutetda@SO image using the SExtractor
program (a diameter aperture bR"). The systematic errors on the photometry of the host galaxy
for different observing nights from Sept.17-19 reach almmé magnitude. This indicates that PSF
variation on different observing nights significantly a&ffe the host detection and its photometric
measurement. On the other hand, a more reliable PSF regctistr algorithm is required in this
case.

In Figure 4 (right), we showed the contour plots of the exeshdmission from the PSF sub-
tracted coadded QSO images using the second approachiogeoh Section 2.3 for each observing
night from Sept. 17 - Sept. 19, as well as that of all three tsigere, a model PSF was constructed
using principle component analysis based on the KL transfand was subtracted from the coad-
ded Ks-band QSO images in a consistent way as that of the first aplprdiacussed in Section
2.3, in order to double-check the results. A lower limit oé thost magnitude was estimated to be
my = 23.6, mp = 23.3, my, = 23.4, andm,, = 23.3 for the images taken on Sept. 17-19 respec-
tively, as well as that of all three observing nights, by mmo¢try on the PSF subtracted QSO image
using the SExtractor package (a diameter apertute2d. We noticed that the measured host mag-
nitudes of the three consecutive observing nights are dlstonsistent, and the systematic errors
in the photometric measurement of the host galaxy using arB&#struction algorithm based on
the PCA are reduced by more than half. This is probably bectinesPSF reconstructed using PCA
would account for most of PSF’s temporal variation, whiclyimibe smeared out in the case of an
averagely combined PSF.

We measured the radial profiles of the coadded images of ti@ &8l the PSF star{, <
3.5 pix) using the STSDAS task ELLIPSE, after masking out the clas@panions. The radial
profiles of the coadded QSO images from each observing nigtttcanpared with the PSF based on
stellar profiles acquired during QSO exposures of that nagid those of the coadded QSO and PSF
exposures of all three nights, as well as their residualp@sented in Figure 4 (middle).

We noticed from Figure 4 that extended emission from the Q88 galaxy at radii> 0.2” is
consistently resolved for almost all three nights usingé¢hdifferent analyses, indicating there is a
marginally resolved host galaxy associated with this HriRQQ towards the peak epoch of QSO
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activity. We can accept a rough lower limit on the host magiétto be~ 23.3 based on analyses
that we have discussed.

Finally, we zoomed out the contour plot on the left bottom mfufe 4 to provide a larger size
for the residual image after PSF subtraction with the falc lcandidate galaxy visible in the FOV.
The LLS candidate galaxy is seen at the bottom of the pldt,4” below the extended emission of
the quasar host.

4 SUMMARY

We have presented analyses of deep images in/thed Ks bands centered on QSO UM 402 at
Zem = 2.856 using the IRCS camera and the AO systems on the Subaru tpesa® well as the
WFC3/F140W archived images of this object.

A faint galaxy ¢ 2.4” north of the QSO sightline) has been clearly resolved byha#le high
resolution datasets. Especially in the ddépimaging, it appears to be a double system with a
separation of the two components0.3”; the faint tidal-tail like feature from the left component
of the double system indicates that it is probably a mergysjesn. According to the empirical
relation of the impact parameter versus the neutral hydregéumn density of all confirmed DLA
and LLS absorbers given by Moller & Warren (1998), as welltased color(J — Ks)vega ~ 1.6,
we suspect that this faint object might be a candidate gajasigg rise to Lyman Limit absorption
at z,ps = 2.531 previously seen in the QSO spectrum. If the redshift and therkatics of both
components in the double system are spectroscopicallyrowediin the future, it would be important
evidence of a merging system at highihat acts as a Lyman Limit absorber.

After carefully subtracting the PSF using two different eggrhes to PSF reconstruction, we
are able to marginally see extended emission from the quessrgalaxy. Since we simply and
conservatively scaled the PSF peak flux to match the QSOatg@mak intensity and aligned them in
both approaches, we would obtain oversubtracted extendesien from the quasar host, and can
only place a lower limit on the host flux.

Although the residual images after PSF subtraction arelynsistilar in terms of morphological
structure for the two adopted approaches to PSF constnj@swell as among three consecutive
observing nights, we noticed that different PSF subtracigorithms would have large systematic
errors on the photometry of the extended host emission. fi$termatic errors in the photometry of
the extended host galaxy during three consecutive obgenigits from Sept. 17-19, using the first
approach of Section 2.3, reach about one magnitude, wher@Sk was constructed by averaging
the coadded interleaving exposures of the PSF star. On lilee band, a more reliable PSF recon-
struction algorithm, such as PCA (the second approachitiesian Sect. 2.3), presented a relatively
consistent photometric measurement for the host galaxthéothree consecutive observing nights,
and possibly places a lower limit o, = 23.3 for the host galaxy (see the detailed discussion in
Sect. 3.2). Further analyses and simulations on how to plsopstimate properties of the host are
being developed and will be presented in our next work (He. & preparation).
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