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1 INTRODUCTION

ABSTRACT

We use near infrared integral field unit (IFU) spectroscapgearch for ki emission associ-
ated with star formation in a sample of 28 heavily reddergd — V') ~ 0.5 — 1.9), hyper-
luminous {og(Lye1/ergs—!) ~ 47 — 48) broad-line quasars at~ 1.4-2.7. Sixteen of the 28
quasars show evidence for star formation with an averageotixin-corrected star formation
rate (SFR) 0820470 Moyr—!. A stacked spectrum of the detections shows weak [NII], con-
sistent with star formation as the origin of the narrow emission. The star-forming regions
are spatially unresolved in 11 of the 16 detections and caingd to lie within~6 kpc of the
quasar emission. In the five resolved detections we find tr€f@tming regions are extended
on scales o8 kpc around the quasar emission. The prevalence of high &&msistent
with the identification of the heavily reddened quasar pafioih as representing a transitional
phase from apparent ‘starburst galaxies’ to opticallyihoas quasars. Upper limits are de-
termined for 10 quasars in which star formation is undetedtetwo of the quasars the SFR
is constrained to be relatively modest50 Moyr—, but significantly higher levels of star
formation could be present in the other eight quasars. Thebawation of the 16 strong star
formation detections and the eight high SFR limits meanshigh levels of star formation
may be present in the majority of the sample. Higher spasdlution data, of multiple emis-
sion lines, will allow us to better understand the intergba@yween star formation and Active
Galactic Nucleus (AGN) activity in these transitioning gaes.
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Chapman et al. 2005). The star formation triggers black-hotre-
tion and as the dust and gas clear from the decaying startiuest

The discovery of the correlation between the bulge mass and central nuclear region is revealed as an unobscured qureszdl-
the black-hole mass of nearby galaxies (Magorrian et al&199 back from the central Active Galactic Nucleus (AGN) evelijua
Tremaine et al. 2002) lead to the prediction that the cemlisadk shuts off star formation within the quasar host and then #iexy
hole of a galaxy plays a vital role in determining the finallate evolves passively into a red and dead elliptical (e.0. $etiet al.
mass of the galactic bulge. Understanding this link in gakvat 2005¢,b; Croton et dl. 2006; Hopkins & Beacom 2006).

z ~ 2 — 3, when the majority of galaxy assembly and black-hole The evolutionary scenario can be tested by observing the tra
accretion is occurring, is therefore important to understie for- sition phase from massive starburst to unobscured quasangd

mation and evolution of massive galaxies.

In the evolutionary picture first postulated by Sanders et al
(1988) infra-red luminous galaxies and quasars are diffeser-
vational manifestations of the same phenomena. In the sequk
lustrated by Hopkins et al. (2008), massive galaxies areghito
form hierarchically through major mergers (€.g. Narayagizail.

which the quasar will be enshrouded in dust and will theesfor
appear as a reddened quasar. THhisvout phasel(Di Matteo et al.
2005) is expected to be short-lived based on estimates ofdhe
ume density of far infra-red bright quasarat. z < 3 (~1 Myr
estimated by Simpson etlal. 2012) and therefore large vaume
must be observed to detect these systems.

2010). The merger induces a luminous starburst, enshrgudin Banerji et al.|(2012, 2013) and Baneriji et al. (2015) (heszaf
the galaxy in dust such that the starburst appears brigharat f Paper I) present the results of searching for dust-redd@gpd
infra-red wavelengths. This emission is redshifted to silimne- 1 broad-line quasars using the UKIRT Infrared Deep Sky Sur-
tre wavelengths for systems at ~2 and therefore the popula- vey (UKIDSS) Large Area Survey (LAS; Lawrence etlal. 2007),
tion of dusty galaxies are termed Submillimetre GalaxiddGS; the Visible and Infrared Survey Telescope for AstronomySVA)

e.g. | Blain et al.l 2002, Smail et/al. 2004, Swinbank et al. 2004 Hemisphere Survey (VHS; McMahon etlal. 2013) and the Wide In-

(© 0000 RAS


http://arxiv.org/abs/1603.06419v1

2 S Alaghband-Zadeh et al.

frared Survey Explorer (WISE; Wright etlal. 2010) All-SkyrSey.
These studies provide a well defined sample of luminous and ve
massive dust-reddened quasars at 2 — 3. In Paper | we find
evidence that the number of reddened quasars exceeds it of
unobscured quasars at very high luminosities such thatateethe
dominant population of high luminosity quasars:at- 2 — 3, the
main epoch of galaxy formation. We suggest that they reptese
short phase in the evolution of massive galaxies, corrafipgrto
high intrinsic luminosities and obscurations.

In Paper | we utilise near infra-red Integral Field Unit (IFU
observations of the reddened quasar sample, performegl Uiz
SINFONI (Spectrograph for INtegral Field Observations lie t
Near Infrared), by considering a single integrated spetiar ob-
ject. In this paper we now utilise the spatially resolved Ieths$er-
vations to explore the star forming properties of the quémet
galaxies. Integral Field Spectroscopy provides a spectnueach
spatial pixel (spaxel) of a two dimensional field of view aie t
narrow Hx emission lines in each spaxel allow the ionized gas dis-
tribution to be determined.

and place constraints on the locations of the star formiggnes.

In Section % we explore the implications of our results. Adl-c
culations assume a flahCDM cosmology withQ2x, = 0.7 and
Ho = 71kms *Mpc~ in which 0.7 arcsec corresponds to a phys-
ical scale of~6 kpc atz = 2.3 (the median seeing and redshift of
our observations and targets respectively).

2 OBSERVATIONSAND REDUCTION

We observed 23 reddened quasars with the near infra-red IHU V
SINFONI in 2013 and five with VLT-SINFONI in 2009. Details
of the object selection and the observations are given irePhap
and Baneriji et all (2012) respectively. Our observatiorgetad the
redshifted Hv emission line which lies in thél and K bands for
our sample of sources with redshiftsbfl < z < 2.7. The 2009
observations used the SINFOMI+K filter (R=1500 covering a
range of 1.45-2.45um) and the 2013 observations used Hidil-
ter only (R=4000 covering 1:92.5um). For both SINFONI pro-

IFU observations of high redshift systems have been used to grammes we made use of the largest field of view §&rcsec)

study the morphological and kinematic properties of stamfo
ing galaxies by tracing the narrowcdHemission associated with
star formation (e.g_Forster-Schreiber etlal. 2009 HFU ob-

which gives a pixel scale of 0.25®.125 arcsec which is resam-
pled to 0.12%0.125 arcsec in the final combined cubes. Each
source was moved around four quadrants of the IFU (at oftsfets

servations of SMGs have found that these systems are madet1.5arcsec from the centre of the IFU) to enable simultanskys

of multiple components, with dynamically disturbed gas mo-
tions, providing evidence that these intense starburstsrerger

induced |(Swinbank et al._2005, 2006; Alaghband-Zadehlet al.

2012;| Menéndez-Delmestre etal. 2013). IFU observatidrthe

subtraction. The resulting area with 100% exposure wastier
5x5arcsec which corresponds+@l0x40 kpc atz = 2.3 (the me-
dian redshift of our sample).

The data were reduced using the standard SINFONI ESOREX

[O1I] AX4959, 5007 emission-line doublet have been used to ex- pipeline which includes extraction, sky subtraction, wemgth

plore the dynamics of galaxies hosting AGN, finding evidence
for outflows of gas (e.g._ Alexander et al. 2010; Harrison &t al

calibration, and flat-fielding. We spatially aligned andaxded the
cubes from each observation block using an average withoa 10

2012,12014). In the reddened quasar sample, the combinationclipping threshold. We also applied3ax 3-pixel median filter to
of a powerful accreting black-hole and large amounts of dust the co-added spatial images at each wavelength, replauingd-

is predicted to drive strong outflows due to the effects of ra-
diation pressure on dust (Fabian 2012). It is possible th&t o
flows may both enhance or inhibit the host galaxy star foromati
(Silk & Rees| 1998/ Silk _2005; Zubovas et al. 2013; Farrahlet al
2012; Zinn et al. 2013; Ishibashi etlal. 201.3; Barai €t al 0%tar
formation has been found to be suppressed in the outflownegio

ual pixels with value$(Ipixet — Imedian)|/(1.48<MAD) >7.0 with
the median value. The MAD (median absolute deviation) whs ca
culated from the distribution dfIpixel — Imedian)| Values for all
pixels in the image. Care was taken to ensure that the repkde
threshold did not affect pixels associated with the cedtr@if the
targets. The result of the filtering were data cubes with dlywas

of z~2 quasars (Cano-Diaz etlal. 2012; Cresci &t al.|2015) demon-reduced number of spurious, single-pixel, non-Gaussitifacts

strating how AGN feedback can be probed using resolved &} st
ies.
A challenge of studying the star formation properties ofsguia

host galaxies is the need to separate the quasar emiss@gn (e.

broad Hvy line) from the host galaxy emission (e.g. narrove H
line). Combining adaptive optics with integral field spestopy
has proved to be effectiva (Inskip etlal. 2011). Vayner =(28114)
demonstrate that this method enables the broadiission from
the quasar to be disentangled from the narrow emission iassdc
with the host galaxy ir ~ 2 quasars. Two quasars are found to
have star formation offset from the quasar nuclei and standtion
limits are constrained for the rest of the sample. In thelmebini-
verse, IFU observations have been used to decompose tlmsvnarr

and noise. We carried out relative flux calibration by obsgyv
bright standard stars throughout the nights on which themvbyy
blocks were performed. We were then able to perform the atesol
flux calibration by comparing the integratéd-band fluxes of the
sources to those measured from broad band VHS/UKIBS&nd
observations of the targets.

In Table[d we list the object identifications, redshifts aedtb
fit E(B — V)s for the targets. The error in tHé(B — V') values
is ~0.1 mag. TheE(B — V) values are derived using SED fits to
the available broadband photometry that probe rest-frantiead
wavelengths where the choice of extinction curve makes liif-
ference to the inferref{ (B—V’) values. Further details of these de-
rived properties are given in Paper | and Banerii el al. (20lzble

and broad K emission, from star formation and the AGN respec- [ also includes the exposure times and the seeing of the SINFO

tively, in a sample of low redshift Type 1 quasars (Husemadrai e
2014) resulting in the finding that over half the sample extstar
formation on kiloparsec scales.

In this paper we explore the star formation properties of our

observations. The seeing values are derived by integrdtethree
dimensional IFU observations of the (unresolved) quasassan,
collapsing along the wavelength axis, to create maps ofrttee i
grated flux from which we can measure the spatial Full Width at

z~2 reddened quasar sample, making use of the high resolutionHalf Maximum (FWHM) of the Point Spread Function (PSF). We

VLT-SINFONI observations. In Sectidn 2 we summarise thesobs
vations and reduction of the data, in Secfibn 3 we describarial-
ysis techniques used to determine the star formation r&€RS)

measure the velocity resolution of the observations byrdeteng
the width of the sky lines close to the redshifted kine (i.e. the
velocity centre of the observations). For the 2009 SINFOb#er-
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ID RA Dec z E(B—-V) Exposure PSF Observation aHFlux
time FWHM date limit
(s) (arcsec) %10~ 17ergs—lcm—2)

VLT-SINFONI 2013 Sample (R=4000)

ULASJ0123+1525  20.8022  +15.4230 2.629 1.3 1200 0.64 201390 1.7
VHSJ1556-0835  239.1571  -8.5952  2.188 0.7 1200 0.70 201307 0.9
VHSJ2024-5623  306.1074 -56.3898  2.282 0.6 1800 0.99 201380 1.3
VHSJ2028-4631  307.0083 -46.5325 2.464 0.6 1800 0.85 201390 2.4
VHSJ2028-5740  307.2092 -57.6681 2.121 1.2 800 071 2013707 2.0
VHSJ2048-4644  312.0435 -46.7387  2.182 0.7 1600 0.58 201390 0.7
VHSJ2100-5820  315.1403 -58.3354  2.360 0.8 1600 0.87 201380 1.8
VHSJ2101-5943  315.3311 -59.7291  2.313 0.8 320 0.87 201807 3.7
VHSJ2109-0026  317.3630  -0.4497  2.344 0.7 1600 0.67 201307 1.0
VHSJ2115-5913  318.8818 -50.2188 2.115 1.0 800 079 201807 1.0
VHSJ2130-4930  322.7490 -49.5032  2.448 0.9 1600 0.86 201380 1.7
VHSJ2141-4816  325.3530 -48.2830  2.655 0.8 1600 0.65  201&0 2.1
VHSJ2143-0643  325.8926  -6.7206  2.383 0.8 1600 0.72 2013807 1.2
VHSJ2144-0523  326.2394  -5.3881  2.152 0.6 1600 071 2013307 0.8
VHSJ2212-4624  333.0796 -46.4101 2.141 0.8 1800 0.70 201380 1.0
VHSJ2220-5618  335.1398  -56.3107  2.220 0.8 320 0.79 201307 1.8
VHSJ2235-5750  338.9331 -57.8372  2.246 0.6 1000 0.73  201Z0 1.2
VHSJ2256-4800  344.1444 -48.0088  2.250 0.6 1000 0.64 20130 1.0
VHSJ2257-4700  344.2589 -47.0157  2.156 0.7 1600 0.68 201380 0.9
VHSJ2306-5447  346.5011 -54.7881  2.372 0.7 1000 0.81 20180 1.2
ULASJ2315+0143 348.9843  +1.7307  2.560 1.1 400 0.46 2013907 2.4
VHSJ2332-5240  353.0387 -52.6780  2.450 0.6 2400 0.49  201Z0 0.7
VHSJ2355-0011  358.9394  -0.1893  2.531 0.7 1600 0.54  201Z07 1.3
VLT-SINFONI 2009 Sample (R=1500)
ULASJ1002+0137 150.5470 +1.6186  1.595 1.0 1200 110 280830 0.7
ULASJ1234+0907 188.6147 +9.1317  2.503 1.9 1200 0.76 260960 3.4
ULASJ1455+1230 223.8375 +12.5024  1.460 1.1 1200 0.74  Paes3 0.7
ULASJ2200+0056 330.1036  +0.9347  2.541 0.5 1200 0.66 20630 1.7
ULASJ2224-0015 336.0392  -0.2567  2.223 0.6 1200 0.56 2069 0.6

Table 1. The positions, redshifts and reddenings for the targets.€Fior in theE (B — V') values is~0.1 mag. The top section details the newest SINFONI
sample (Paper ) and the bottom section details the oldeFOM sample described in Baneriji ef al. (2012). The redskife derived from the centroids of
single Gaussian profiles fit to the broadvHines, as described in Paper . We also list the exposurestohéne observations and the size of the seeing disk
(the FWHM in arcsec of the PSF). We list the flux limits of the observations, corresponding to the nois®$F-aperture spatial regions offset from the
central broad-line emission. These are calculated asguair100 kms ! Gaussian profile, for =200 kms™! Gaussian profile these flux limits should be
multiplied by +/2 to allow for the doubling in the wavelength region.

vations the resolution is ~90kms * and for the 2013 SINFONI essentially identical, with only the amplitude (framapll) vary-
observations the resolutionds~50 kms™* (Paper I). ing from target to target.
Treating the two observing runs (2009 and 2013) separately,
we constructed a master wavelength-dependent noiserspeby
2.1 NoiseProperties combining the results from the off-centre PSF-aperturé@regof

The exposure times for the VLT-SINFONI observations in 2013 all the targets. The master noise-spectrum was then sceitegithe

were adjusted for each target at the telescope to ensuradhd b value oforiap for each target.

Ha line was detected. Exposure times therefore vary as a tmcti

of sky conditions, thek-band magnitudes and the strength of the

proad Hy gmission of the individ.u.a! squrc.es.(.Tae 1). The result- 3 ANALYSISAND RESULTS

ing range in spectrum flux sensitivity is significant (Tab)eAs a

consequence, star-formation rate sensitivities acressample are To explore the star formation in the reddened quasar samele w

very different, which should be noted when interpretingrimsults. must disentangle the dd emission, originating from the quasar
The wavelength-dependent noise for all the targets is domi- broad line region, from any narrowdline emission, originating

nated by the signal from the sky, with strong wavelengthedelent from star formation in the quasar host galaxy.

variations due to the presence of individual sky emissiatuies. The total emission profile is dominated by broad. Hne

The noise at a given wavelength can be determined from the am-

plitude of flux-variations calculated using PSF-apertyatial re-

gions,o (A)psr that lie offset from the central AGN broad-line, i.e. 1 The noise amplitude for each object is calculated from theiameabso-

excluding any 'signal’ remaining after the broad-emisdiog sub- lute deviation of the noiserniap, for the PSF-aperture regions, integrated

traction for each object. The wavelength-dependence ofdis® is across thed - and/or K -bands.
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emission from the quasar. The emission is unresolved arsdau
pears in the data cubes as a PSF, with a profile set by the afgerv
conditions. An example map of this broad emission, creayad-b
tegrating a cube in the velocity axis over the the khe (from Ha-
12000 kms* to Ha+12000 kms*) is shown in the top left panel
in Fig.[. For each source we set the central velocity (i.en§'K)

at the velocity centroid of the broaddHemission (see Paper I). In
the following analysis we search for evidence of narrow ¢inis-
sion after subtracting the broadhHprofile from the cubes.

3.1 Assumptions

We search for narrow emission with linewidths @£100 kms*
and 200kms*, corresponding to narrow dd arising due to star
formation in the host galaxy as opposed to originating fréw t
Narrow Line Region (NLR) associated with the AGN. We per-
form further tests on the lines detected in Secfion B8.2.3ciw- ¢
firm the star formation origin. The=100 kms* and 200 kms*
linewidths correspond to de-convolved linewidths of 40 kihand
180 kms ! for the 2009 observations and 90 kmsand 190 kms*
for the 2013 observations. Our choice of velocity widthsamesis-
tent with the properties of narrowddobserved in SMGs (with no
evidence for AGN affecting the spectra) owing to the stamfation

in these galaxies (Swinbank ef al. 2004; Alaghband-Zadeh et
2012).

Star formation rates corrected for extinction are cal@dats-
ing the reddenings, given in Talilé 1, assuming a valuB.cf3.1.
We make the assumption that the extinction is the same teward
the quasar as towards the star forming regions. If the eidine
towards the star forming regions are lower, the derivechesitin-
corrected star formation rates will be over-estimated.

3.2 Procedure

In order to search for a narrow component ef e must subtract
off the broad Ky emission (Fig[1L). The broadddemission spec-
trum is determined by summing the spectra of each spaxaj lyin
within a circular aperture centred on the AGN. The radiushds t
circular aperture is the distance from the centre at whichtHe
unresolved quasar emission, the signal-to-noise ratig)(®ithin
the circle is a maximum (see F{g. 1), therefore giving theroak
estimate of the broad line profile. We define this circularape as
the ‘PSF-aperture’. We note that the ‘PSF-aperture’ do¢son-
tain the entire flux from the quasar since the spatial profilthe
quasar emission will extend beyond this region. Indee® per
cent of the total flux from the unresolved emission lies algshe
‘PSF-aperture’ and therefore an aperture correction neuapplied
to give the total fluxes. This correction must be applied wbalh
culating the total fluxes of all unresolved emission, inahgdany
unresolved narrow b emission we find in the following analysis.
The resulting broad H emission spectra for each source are
shown in Figure A2 of Paper I. We then fit a single or double
broad-Gaussian profile to each spectrum. The FWHMs of the sin
gle profile or both components of the double profile are cairstd
to be >1000kms ! and <10000kms! in the fit. We choose

fits mentioned above. To identify any such emission we setueh
residuals from the broad Gaussian fit for regions of exceskiy®
flux on scales of~100kms™* and exclude these spectral regions
in the next fit iteration (illustrated in Fi@l 1). This final fiepre-
sents the defined broad line profile to be subtracted fronpbetsa
across the cube.

We re-bin the cube such that the spectrum in each spaxel is re-
placed with the sum of the spectra from the spaxels in thesod-
ing region of the size of the PSF-aperture. In this way wectoze
search for narrow H emission in PSF-apertures across the field
of view. The broad-line profile is then subtracted from eaciméd
spaxel in the data cube with an amplitudedetermined using the
maximume-likelihood technique (elg. Hewett et al. 1985) wehe

_ Xi(SiPy)/o?
o Zi(PL'/O'i)2

and S; is the spectrum (withi wavelength steps) in each
spaxel,P; is the broad profile defined above aagis the wave-
length dependent noise (Section]2.1).

After subtracting the broad-line profile from each binned
spaxel we search the resultant residual spectra for narrow H
emission, assumed to possess a Gaussian profile with wifiths o
0=100kms™* or 200kms* (see Sectiorls 3.1 and 3.2.1). At each
wavelength, the amplitude ang of the two Gaussian profiles is
calculated, using velocity intervals of 600 kmisor 1200 kms'*

(for the 100 kms* or 200 kms ! search respectively). Figl. 2 shows
how the S/N andy? values change across an example spectrum
containing a narrow H line when searching for a=200 kms™*
Gaussian profile.

@)

3.21 Criteriafor detections

Ha emission from star-formation is expected to be presentlat re
tively low S/N. The number of potential locations in positiand
velocity searched is large:80000 locations within1000 kms™*

of the systemic velocity and-20kpc from the location of the
guasar centre for each source are searched in the 2013 sample
the 2009 sample, with the lower spectral resolutieB0000 loca-
tions are searched for each source. False-positive dmteciire of
particular concern, therefore we choose a conservativel84sh-
old of S/N>5 for our narrow Hy detections. The appropriateness of
the S/N>5 threshold was verified from stacking the narrow te-
tections with S/N-5 (Fig.[8) and finding evidence for the presence
of a weak [NII]\0.6583:m signal (see Sectid¢n 3.2.3).

The Gaussian-profile template search, with the two velocity
widths =100 and 200 kmis', retains sensitivity to the presence of
all emission features with widths <250kms™. The x? values
do, however, increase for features that do not match thesgaus
profiles of either specific velocity-width. A relaxed-threshold of
x> <4 was adopted to ensure any such features were not excluded
from the search.

The area with 100 per cent exposure in our observations
is 5x5arcsec and our emission-line search extends over an
area of 4«4 arcsec centred on the quasar, which corresponds to
~30x30kpc atz=2.3 (the median redshift of our sample). Since
we search in overlapping PSF-apertures, real emissios tiemilt

to use a double Gaussian profile only in the cases where the fitin multiple detections in neighbouring spaxels. In suchesase

is significantly improved by the addition of the second compo
nent, as in Paper I. The FWHMSs of the broad line fits range from
1000-9600 kms*.

Any narrow Hx emission may be coincident in velocity with
the broad Kk profile and therefore included in the overall Gaussian

first take the location of the line detection to be the spavit the
highest S/N. After examination of these detections, we firad the
locations of all the detections are within the PSF-sizedtapere-
gion centred around the quasar emission. The narrow emigsio
therefore consistent with lying at the centre of the quasdrvae

(© 0000 RAS, MNRASD00, 000—000
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Figure 1. An example sequence (using VHSJ2355-0011) to illustragentbthod used to search for narrow lémission. First we integrate the cube over
the broad H line (from Ha-12000 kms'! to Ha+12000 kms 1) to create an estimate of the PSF. The radius at which thesRf®&+ has maximum S/N is
determined and the signal from within the radius (the ‘PB€raire’) is used to provide the optimal estimate of the thilae profile. We characterise the broad
line profile by first fitting a single or double Gaussian profidehe spectrum (blue line). The fit requires that the Gaungsiafiles must have FWHMs greater
than 1000 kma—1. Since it is possible that the narrow component may be siyatizincident with the broad line PSF, and therefore ineldiéh this spectrum,
the residuals of the initial fit are searched for regions akess positive flux on scales f100kms—1! (red line). These regions are then excluded and the fit
is recalculated (blue line). This final fit represents thealdrbine profile to be subtracted from each spaxel region. \Arréhe spaxels such that each spaxel
contains the sum of the surrounding spaxels in a region #eecdithe PSF-aperture. We then subtract the broad profiteg asnaximum likelihood technique

to scale the profile, from each spaxel region and search tifdgesubtracted cube for narrow Gaussian emission withr=100 kms~! and 200 kms*.

therefore present the spectra from the central PSF-aperasrthe the binned cubes and re-run our narrow Emission search pro-

detections in the following analysis. cedure. In ULASJ1002+0137, VHSJ2028-4631, VHSJ2144-0523
After running the automated search for narrow Eimission, VHSJ2235-5750 and VHSJ2332-5240 the S/N of the resulting na
with the above detection criteria, we apply an additionaathof row emission is improved by increasing the aperture sizelzem-

the broad H profile subtraction, examining the residuals of the fore we find five sources in which there is evidence for extdnde

fit. In two of the sample (VHSJ2101-5943 and ULASJ2224-0015) and resolved star forming regions lying around the quasatres

potential narrow i emission is found, meeting our detection cri- The sizes of the larger apertures (listed in Table 2) comedfo

teria. However, after subtracting the broad Hrofile we find that the aperture sizes at which the S/N of the detections aremaaxi

the resulting spectra contain multiple large residual$iaregion In the analysis that follows we use the spectra from thesgetar

of Ha£5000 kms !, suggesting that the narrow emission features apertures.

are not real. In Fig§]3 ahd 4 we show the residuals of the zolad

tractions for VHSJ2101-5943 and ULASJ2224-0015 respelgtiv

The potential narrow emission found in our automated sefich  32.3  Sgarch for [NII]

VHSJ2101-5943 and ULASJ2224-0015 is shown in Higd. C7 and

respectively, however we exclude these sources fromahe Application of the search procedure described above mesuthe

row Ha detection sample for the remainder of the analysis. detection of narrow k& emission in 16 of the 28 reddened quasars.
In order to test whether the narrow emission arises due td®sta
mation in the quasar host galaxy or from the NLR of the AGNlitse

. we search the spectra for [NII] emission. Strong [NI1] wouridi-
322 Search for exended emission cate that the narrow emission may originate from the NLR re&e
It is possible that the narrow emission we detect originftas weak [NII] would suggest a star-formation origin. Given thetoc-
star forming regions that are extended beyond the size d?8te ity centroid of the narrow H emission we can constrain the lo-
apertures. In order to test for resolved, extended emissidhe cation of the [NII] emission in each spectrum. We search éoty

sample of narrow H detections we increase the aperture size of the stronger [NII]\,.5:=0.6583:m component of the [NII] doublet

(© 0000 RAS, MNRASD00, 000—-000
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Figure 5. The stacked spectra of 14 detections of narraweétnission (marked by the blue line) with the position of thélJNnes marked by the red lines.
We do not include the 2 high S/N narrownHletections (VHSJ1556-0835 and ULASJ2200+0056) as disduiasSectio 3.213. The ratio of [N}/ in the

stack is 0.25-0.08.

given its suitability for discriminating between star4foation and
AGN origin of the Hx emission (e.0. Kewley et al. 2006). In each
of the 16 spectra, based on the velocity-width of the putalthw
detection, we fit =100 kms ! or 200 kms!, Gaussian profile at
the predicted position of the [NII] line.

Two of the sources (VHSJ1556-0835 and ULASJ2200+0056)
exhibit large residuals in the spectral region of [NII] fadling the
broad Hv profile subtraction (shown in Figs. €2 and C13). Given
the high S/N detections of the narrownHin these two sources we
are confident that the residuals at the position of [NII] aveneal
[NII] features. The narrow | emission in both cases is Gaussian
shaped, whereas the excess flux at the position of [NII] ibliig
non-Gaussian, therefore not matching the narrewliHe features.
For these two sources we are therefore unable to consteires#h
[NII] emission. The origin of the excess flux may be from poor
characterisation of the broadoHine, for example if it is not well
fit by a single or double Gaussian profile, such that the broae s
traction leaves excess flux at the location of [NII]. NarrawlI]
associated with the narrowddmay be present but the extent of the
residuals precludes any reliable measurement. In the sinahat
follows we include VHSJ1556-0835 and ULASJ2200+0056 in our
sample of star-formation detections, since we cannot rutetat
the narrow Hv emission arises due to star formation, however we
do not include these two sources in the stack of the detec(feig.

[B) since we use the stack to constrain the low S/N [NII] erissi
for the sample.

The stack of the 14 remaining detections is shown in
Fig. B and we constrain the [N}/ ratio for the stack
as [Nl]/Ha=0.25+-0.08. The low [NII}/Hx ratio is consistent
with a star-formation origin (e.g. Kewley etlal. 2006 who find
[NH)/H «<0.7 as indicative of star formation).

For VHSJ2235-5750 we detect [NII] with a SA and there-
fore we can establish the [NII]/d ratio of 0.45+0.09. Since this
ratio is<0.7 we are confident of the star-formation the origin of the
narrow Hx emission for this source. For the 13 remaining detec-

tions we quote the limits on the [NIl]/H ratio in Table2. The up-
per limit of the [NII] flux is the 5 limit, from our S/N>5 detection
criteria. In nine of the detections the upper limits to thelJM «
ratio are<0.7 indicating that the narrowddemission is from star
formation. In the remaining four detections the upper lind the
[NH]/H « ratio are>0.7 and it is possible that the narrovatémis-
sion originates from the NLR, however, since only upper tinaire
available we retain the sources in our sample of objectsesssyy
evidence of star formation.

3.3 Results

In Figs.[C1 td"CIB we show the maps and spectra of the 16 star
formation detections, along with the corresponding nojseca.
In Fig[d we show an example detection of the narrow emission in
VHSJ2355-0011. The maps of the detections are made by attegr
ing the broad K profile-subtracted cubes from the centre of the
narrow line+150 kms™* or +£300kms™*, corresponding to 16
for the 100 kms* and 200 kms* search respectively. The profile-
subtracted cubes are made by subtracting the broad lindeprofi
(scaled using the maximum likelihood technique) from thecsp
trum in each binned spaxel. The spaxels are binned suchabht e
spaxel represents the sum of the surrounding spaxels in a PSF
aperture sized region. For each detection we present thgrspe
originating from the binned spaxel at the quasar centre,hiichv
there is evidence for narrowddemission.

Table [2 lists the extinction-corrected star-formationesat
(assuming the_Calzetti etlal. (2000) reddening law) using th
relation between H luminosity and star formation rate from

Kennicutt & Evans|(2012):
10g(SFRita /Moyr ") = log(Lua /ergs ') — 41.27 2)

In Table[2 we quote the star formation rates using thefldx
within the PSF-apertures for the unresolved sample (S&ER:e)-
The PSF-aperture is defined as a circle with a radius at wfach,

(© 0000 RAS, MNRASD0O, 000—000



Heavily Reddened z~2 Type 1 Quasars||: Ha Star Formation Constraintsfrom SINFONI IFU Observations

1)(10-17

-6.15e-17  Flux (ergs™'cm™)
]

1.66e-16

5x107"®

0

Flux (ergs”'em k™)

-5x107"®

]
e

A A
T T

~

.::.< 3x10°®
2x107"®

1)(10-18

Noise (ergs™'cm

0

=
ool bece P o e 1

-2000

-15 -10 -5 0 5

kpc

10

-1000 [¢]
Velocity (kms™)

1000 2000

Figure 6. Left: Map of the narrow Kk emission in VHSJ2355-0011, created by integrating the Iprsfibtracted cube from the centre of the narrow line
+150kms ! (1.50). The profile-subtracted cube is made by subtracting thacbtioe profile (scaled using the maximum likelihood techielgfrom the
spectrum in each binned spaxel. The spaxels are binned Isaichach spaxel represents the sum of the surrounding spex@PSF-aperture sized region.
The black cross marks the quasar centre and correspondsaperture in which the total spectrum has evidence for awaBaussian of widtkr=100 kms™1.

We show the FWHM of the PSF-aperture by the black line in thisobm right-hand corner. Top Right: The total spectrum fribva aperture at the quasar
centre with the scaled Gaussian overlayed. Bottom Righd:ridise spectrum (as detailed in Secliod 2.1).

an unresolved point source, the S/N of the emission is a marim
(see Sectioh 312) and32 per cent of the total flux lies outside the
aperture. We therefore apply an aperture-correction tutate the
total star formation rate (SRR.1). For objects with resolved de-
tections, the K flux within the extended aperture is used to derive
the star formation rate. Sizes, in kpc, of the star formirgjaes are
also given. The sizes correspond to the FWHMs of the aparfare
the resolved detections and to the FWHMs of the PSF-apertase
upper limits) for the unresolved detections.

While we explore the spatial positions of the narrow #etec-
tions we do not analyse the velocity offsets of the narrawethis-
sion from the systemic velocities since the centroids ofttread
Ha emission are themselves not tightly constrained.

In Fig. [ we show the star formation rates against the
star forming region sizes. The average star formation rate i
320+70Mgpyr~! for the 16 quasars in which we detect narrow

Ha emission. We find extended, resolved emission in five sources formation rates of 501,yr—*

with star forming regions of 81 kpc around the quasar centre. The
emission is unresolved in the remainder of the sample, &jlpic
constrained to lie within-6 kpc of the quasar centres (the angular
resolution of the observations)

3.4 Star formation ratelimits

In the sources without detected narrow ldmission, upper limits
on the star-formation rates may be derived via a series ailaim
tions. We add three-dimensional Gaussian profiles to trealdtes
(in RA, Dec and velocity space) with spatial widths that rhatee
seeing of the observations (the broad RSF spatial profile) and
a velocity width ofc=100 kms™*. The input profiles are placed at
the quasar centres and the minimum intensity necessarptoge

a 'detection’, using our search procedure, is determinedable
we quote the resulting upper limits of the star formatioresa
assuming the star forming region lies within the PSF redioour
test we assume velocity widths ©#£100 kms* for out input nar-
row Ha emission. We note that to place limits on narrow emission
with widths of v=200 kms ! the s=100 kms™! limits would need
to be scaled up by a factor gf2 to take into account the doubling
in the velocity range of the noise calculation. In two sosrtee

(© 0000 RAS, MNRASD00, 000—-000

limits on the star formation rates age50Meyr~" indicating that
these systems may contain very little star formation.

For ULASJ1234+0907 (Baneriji etlal. 2014) we have also per-
formed narrow-band H imaging observations (detailed in Ap-
pendix[A). Above, we find that star formation within the PSF
(<6.1kpc) must be<4600Myr—*, consistent with the conclu-
sion from the narrow band imaging, that the star formatiosthe
within the central 8 kpc.

4 DISCUSSION

We find evidence for significant star formation in 16 of 28 rexied
quasars 54 per cent) with an averageatstar formation rate of
320+70Mpyr—! B. Inthe remaining quasars, our observations pro-
vide limits on the Hv star formation rates. In two of the sample star
or lower are ruled out within the
central~6 kpc. High-redshift starburst galaxies have typical star
formation rates of~100Mgyr—!, therefore our limits could sug-
gest that such levels of star formation have already beenctpeel

in a fraction of the reddened quasar population. Alteredfj\the
star formation may be distributed over wider areas thansmei(g-
determined)~<6 kpc resolution, thus eluding discovery in the pro-
cedure we have adopted. For the remaining eight quasarisrite |
are not as constrainingc@10Mgyr—! to <4600Mqyr—*) there-
fore it is possible that there is significant star formatidthim the
central~6 kpc of these quasars. Our findings are consistent with
the~71 per cent of quasar host galaxies found to be actively form-
ing stars in a sample of X-ray selected obscured quasarsat z
(Mainieri et al. 2011).

Observations of high-redshift unobscured luminous qsasar
made at far infrared and submillimetre wavelengths, hawsveh
that approximately a quarter of the unobscured sample aktiin
the far infrared and therefore are likely associated witleng star

2 The star formation rates we derive assume that the extirctiovards

the star formation regions are the same as towards the guasarever, the
extinctions may be smaller at locations offset from the guasicleus hence
the extinction-corrected star formation rates could be-estmated.
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ID Fluxaperture SFRiperture SFPaperture SFRotal Size [N“]/Ha
(uncorrected for extinction)  (extinction corrected)  (egtion corrected)
(x10~ergs~'em™?) (Meyr—1h) (Meyr—h) Meyr—h) (kpc)
ULASJ0123+1525 — — — <1100 <5.1 -
ULASJ1002+0137 51 4.5+0.9 4H9 47+9 11+6 <11
ULASJ1234+0907 — — — <4600 <6.1 -
ULASJ1455+1230 — — — <190 <6.3 —
VHSJ1556-0835 11:00.8 232 119+8 160+10 <5.8 -
VHSJ2024-5623 — — — <110 <8.1 —
VHSJ2028-4631 3t4 80+10 320t50 320t50 111 <0.7
VHSJ2028-5740 262 36+3 60050 820t70 <5.9 <0.7
VHSJ2048-4644 780.6 15+1 78+6 90+7 <4.8 <0.28
VHSJ2100-5820 343 78+6 510+40 670+50 <71 <0.29
VHSJ2101-5943 — — — <190 <7.1 —
VHSJ2109-0026 — — — <120 <55 —
VHSJ2115-5913 780.8 13t1 130+10 20Qt20 <6.6 <11
VHSJ2130-4930 171 42+3 350+30 450+30 <7.0 <0.29
VHSJ2141-4816 3F#4 120+10 75Gt70 940+90 <5.2 <0.6
VHSJ2143-0643 51 12+2 80+20 1106£20 <5.9 <10
VHSJ2144-0523 182 33t4 130+10 13G6t10 +4 <0.41
ULASJ2200+0056 432 12145 390+20 490+20 <5.3 —
VHSJ2212-4624 410.8 &1 49+9 70+£10 <5.8 <0.9
VHSJ2220-5618 — — — <160 <6.5 —
ULASJ2224-0015 — — — <60 <4.6 —
VHSJ2235-5750 182 37t4 150+20 150£20 &2  0.45-0.09
VHSJ2256-4800 — — — <40 <5.3 —
VHSJ2257-4700 — — — <24 <5.6 —
VHSJ2306-5447 — — — <150 <6.6 —
ULASJ2315+0143 — — — <180 <3.7 —
VHSJ2332-5240 121 313 130+10 1306t10 5+2 <0.49
VHSJ2355-0011 182 51+6 260+30 290+30 <4.4 <0.34

Table 2. The fluxes and star formation rates of the narrow émission. We quote both the extinction corrected star fionaates and the rates uncorrected
for extinction. For the unresolved detections we also stteeextinction corrected SFRs within the PSF-aperturesvintfe total aperture-corrected SFRs.
For the cases where we do not see any evidence for narrpwriission we quote the input SFR required to be added to thesdif the form of a narrow
Gaussian component) for the narrow component to be detactad procedure (i.e. with S/N5) as detailed in Sectidn_3.4. For the unresolved detecti@ns
guote the FWHM of the PSF in kpc as the limit on the size of tlae ftrming regions around the quasar centres.The FWHM oP®e is listed in arcsec
in Table[d. For the resolved emission we quote the FWHM of rertare size that maximises the S/N of the detections. Weecthe upper limits to the
[NI)/H « ratio for the sources with narrowdddetections as detailed in Sectlon 312.3. The upper limiedNI1] flux is the 5 upper limit such that we match
the S/N>5 detection criteria.

formation (e.gl Omont et al. 2008; Priddey et al. 2003). Ahkig is consistent with the hypothesis that the reddened quasprs-
fraction of the reddened quasars contain star formationpeoeu sent a post-merger stage in the evolution of massive galaxie

to similarly luminous blue quasars, although a direct carspa which the merger has induced both a starburst and increased f
is not possible because different star formation indicatwe used elling of the central supermassive black hole (e.g Hopkiradle

for the two populationsHubble Space Telescope observations of 2008).

z~1-2 unobscured luminous quasars have been used to estimate ~ We now draw comparisons between the typical scales of the
mean star formation rates ef50-350Mgyr—* (Floyd et all 2013), star-forming regions seen in our reddened quasars and theae
indicating that the reddened quasars exhibit higher levElkstar sured in other populations of star-forming galaxies and AGN
formation than the unobscured quasars.

The presence of high star formation rates, associated with
larger dust extinctions, provides a natural explanatiartiie ob-
served correlation between luminous reddened quasarshend t
presence of significant star formation. Far-infrared tolimétre In the evolutionary sequence proposed| by Hopkinslet al.gR00
dust continuum observations have already constrainedfastar merger induced star formation triggers accretion onto #ral
mation rates in three of our reddened quasar8000Myr—! black-holes of the galaxies such that the systems appearsayg d
for ULASJ1234+0907 | (Baneriji et al. 2014)275Mgyr—* for (reddened) quasars. The dusty star forming galaxies of & S
ULASJ1002+0137 | (Brusa etldl. 2014) ane250-1600Myr~* population may then represent a phase that is followed byla re
for ULASJ1539+0557| (Feruglio etlal. 2014). The averagefstar dened quasar phase. The average star formation rate we nmeasu
mation rate of 32870Myr—* we measure is consistent with the  in the reddened quasar sample of 3Z@Mgyyr~' matches the
rates deduced from far-infrared and millimetre dust cantin ob- average H-derived star formation rate of thes2 SMGs stud-
servations. The high level of star formation observed insample ied inlAlaghband-Zadeh etlal. (2012) of 3Z80Moyr—! (Fig.[7)

4.1 Comparison to SMGsat z~2

(© 0000 RAS, MNRASD00, 000—000
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Figure 7. The total, i.e. aperture-corrected in the case of unredadmeission, star-formation rates derived from the narrawethission as a function of the
radius within which the narrow & emission is constrained to originate. The radii corresponthe FWHM of the PSF of the broaddHemission for the
unresolved emission and the aperture size that maximiseS/th for the resolved emission. For sources withoutétnission detections we plot an upper
limit to the star-formation rate calculated as describeSeutior{ 3.%#. We plot literature detections of star formatioound other high-z quasars_(Vayner et al.
2014;| Cano-Diaz et &l. 2012; Walter etlal. 2009);~0.7 reddened quasars (Urrutia et al. 2008, 2012) and alspréukctions from hydrodynamical simu-
lations of mergers (Narayanan etlal. 2009. We also show thgeraf extents of the star formation in SMGs fronaldbservations, (Swinbank et/al. 2006;
Alaghband-Zadeh et &l. 2012; Menéndez-Delmestre| et 43)28nd the averageddstar formation rate of SMGs from (Alaghband-Zadeh et al.Z0We
separately plot the offset and star formation rate of the S#B1J0217-0503 which represents a SMG and AGN system, gleffdet in the Hx observations
(Alaghband-Zadeh et al. 2012). The scale of star formatiseoved in the majority of our reddened quasar sample isstenswith the observations of other
high-z quasars and the local reddened quasars.

indicating that powerful starbursts are occurring in thédened gquasar host galaxies and SMGs would ideally be undertaken fo
quasars, similar to the SMGs. sub-populations of comparable total mass.
In the z~2 SMGs, star formation observed throughxH In the hydrodynamic simulations of SMG mergers detailed in

studies |(Swinbank et all 2006; Alaghband-Zadeh letial. 12012; INarayanan et al. (2009), the star formation rate during teegdas-
Menéndez-Delmestre etlal. 2013) is seen to be extendedatessc  sage and inspiral phases of the merges 200Myr—* (rising up

of ~2-17 kpc, leading to the proposal that the SMGs consist of mul to ~1000Moyr~! at final coalescence) matching the average star
tiple merging components. Furthermore, in the AGN-SMGeyst formation rates of our reddened quasar sample{I2Myr—1).
(SMMJ0217-0503; Alaghband-Zadeh et al. 2012) there is tebf In the simulations, the sizes of tH8CO(3-2) emission regions,
of ~18kpc between the AGN and the star-forming SMG compo- tracing the molecular gas and therefore the fuel for thefstana-
nent. We find evidence for extended star formation on scdles o tion, are predicted to be/1.5kpc during the star burst phase and
~8kpc in five of our sample, consistent with the extended star f  only extend up to~2.5 kpc for cases where the intense star burst
mation observed in the SMGs. In the majority of our samplesthe occurs at the early stages of the merger (Eig. 7). The orifjtheo
forming regions are constrained to lie withivb kpc of the quasar compact star formation in the simulations is the gas beirghed
centres and therefore are at the lower end of the range @ftsfiis into the centre during the merger. While the sizes are ctamdis
SMGs (Fig[T). It is possible that the reddened quasar plese r  with the upper limits constrained from our observationg, $hm-
resents a more advanced stage in a merger sequence, whegr the s ulations are tracing the molecular gas which fuels star &ion,
forming gas is more compact than observed in the SMGs. Haweve whereas our | emission observations arise from ionized gas fol-
a comparison between the star-forming properties of théaeed lowing the formation of massive stars.

(© 0000 RAS, MNRASD00, 000—-000
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Figure 2. Top: An example of a narrow & line (from VHSJ2141-4816)
originating from a PSF-aperture. Second from Top: The spoading
wavelength dependent noise. 3rd from Top: The S/N at eadcitelof
ao=200 kms ! Gaussian, scaled to fit the spectrum at that point. Bottom:
The corresponding reducegl at each velocity of @=200 kms ! Gaus-
sian. The location of the line centroid is the velocity whitte 2 reaches

a local minimum (and is below 4) and the SAS.
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Figure 3. Top: The broad K profile of VHSJ2101-5943 with the double
Gaussian fit overlayed (blue). Bottom: The residuals of th®fihe broad
Ha profile.

4.2 Comparison to low redshift reddened quasars

Urrutia et al. [(2008) presetubble Space Telescope observations

of low-redshift reddened quasars from the FIRST/2MASS Red
Quasar Survey (Glikman etlal. 2007) finding that they exhihit-
tiple, interacting components and tidal tails, consisteith an ori-

gin in recent merger activity. Their sample is composed af sy
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Figure 4. Top: The broad K profile of ULASJ2224-0015 with the double
Gaussian fit overlayed (blue). Bottom: The residuals of thfihe broad
Ha profile.

tems with a wide range of separations, suggesting that ttie re
dened quasar phase in the low-redshift sample may occuiffext-di
ent stages of the merger process; from early on, where thgimger
galaxies are still identifiable, through more advancedestagrhere
multiple nuclei are observed, as well as in the final coalesee
stage when tidal tails are visible.

Five of the low-redshift reddened quasar sample exhibit
more than one component, with separations of-B.2 kpc, and
starburst-like star formation rates e§100Myr—' (calculated
using the far-infrared luminosities from_Urrutia et al. 20&nd
Kennicutt & Evans 2012) as shown in Fig. 7. Our finding that sta
formation is located within-6 kpc of the quasar nuclei in the ma-
jority of the high-redshift reddened quasar sample is ctest
with the component separations of these clumps (associdthd
the quasar hosts) in the low-redshift sample. The simylanithe
spatial scales of the high rates of star-formation provatese sup-
port for associating the high-redshift reddened quasdtstive late
stage (final coalescence) of a galaxy merging event, as ailswlf
by|Glikman et al.|(2015).

4.3 Comparison to high redshift quasars

Observations of the star formation rates and locations imbun
scured quasars of comparable luminosity to our reddeneshgsia
are few in number. In a study of five ~ 2 quasars._(Vayner et al.
2014; FigLT), two objects are found to possess star formatites

of ~40-110Myr~! at distances of 2-4 kpc from the quasars, with
three non-detections. We therefore find that a significaution of
the reddened quasars are associated with more extremerste-f
tion rates than is common for unobscured quasars, althtwgspa-
tial locations of the events may be consistent. Walter|2809)
show that at ~6, an extreme star formation rate (170Q,yr 1)

in a quasar host galaxy is confined to the centvdlkpc (Fig.[T)
which they suggest may be the result of a merger, although the
do not rule out the possibility of infall of cold gas from siras
triggering the star formation (Dekel et/al. 2009). The Isron the
sizes of the majority of our sample are not as constraininthes
compact star formation observed in this source, howeveranaat
rule out that a similar origin may apply for our sample.

(© 0000 RAS, MNRASD00, 000—000
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4.4 Feedback

IFU observations enable both the spatial locations of stanihg
regions to be determined and the effects of the AGN on the host
galaxy to be studied. Recent work supports a mixture of bo#ip
tive and negative AGN-feedback affecting the host galaay fetr-
mation. More specifically, AGN outflows have been suggested b

to cause gas to condense to form stars and also remove (bghsat
and thus inhibit star formation (e.lg. Silk & Rees 1998; |Sill03;
Zubovas et al. 2013; Farrah etlal. 2012; Zinn et al. 2013).

Ishibashi et al.| (2013) suggest that star formation can roccu
in AGN-feedback driven outflows and that the AGN-induced sta
formation can explain a number of other galaxy propertieh a1s
the evolution of their size and structure (Ishibashi & Fal#814).

In general, models predict significant influence of an AGNair
flow close to the AGN, whereas there is much less clarity aiggr
the significance of any AGN-induced activity on large scaldse
models ol Nayakshin (2014) predict positive-feedback duthé
effect of the AGN on star formation in the early gas-rich psasf
galaxy evolution with negative feedback important on muaigér
scales at later times. Our observations of star formatianddo lie

in regions of~6 kpc around the quasar centre indicate that itis pos-
sible that the AGN has induced star formation in these sysiam
these scales. However, higher resolution (likely AO asdistFU
observations are required to resolve the morphology andrdigs

of the star forming regions much closer to the quasar nueleil-

3 kpc) such that AGN-induced star formation could be idesdifir
discounted. Positive AGN-feedback occurring at largestéf$rom
the nucleus has been suggested from observations of ertepde
around a quasar at~3 (Rauch et al. 2013). We find extended star
formation in five of our sample, or8 kpc scales, suggesting that
AGN-driven outflows could trigger star formation on thesalss.

The detection of kiloparsec scale molecular outflows in both
high redshift and local quasars (Feruglio et al. 2010; Gicetnal.
2012;| Maiolino et al. 2012; Cicone et al. 2014) indicateg tha-
flows could affect star formation in host galaxies on th&kpc
scales of our star-formation detections. Both the resoblesrva-
tions and the interpretation are however not straightfodwe.g.
Rupke & Veilleux 2011), particularly if both positive andgsgive
feedback occur with different spatial and temporal depeoids.
The large average star formation rate we measure for 16 guasa
within ~6 kpc does not support strong negative feedback on such
scales in approximately half our sample. However negatieslf
back may be responsible for the two sources in which the star f
mation rates are constrained to k&0Myr~' suggesting very
little star formation is occurring in these host galaxiebe Timits
on the star formation rates in the remaining eight quasa&ar
constraining enough to rule out significant star formatiwerefore
feedback effects cannot be assessed.

Cresci et al.[(2015) combine their detections of narrow H
emission in ULASJ1002+0137 (see Appendix B) with [Olll] and
HST U-band observations and propose that ULASJ1002+0137
contains both positive and negative feedback. They detecu&
flow in [OIlll] extending up to 13 kpc from the AGN; the AGN ap-
pears to reside in a region with little star formation, surrded
by areas experiencing elevated star formation. Their pnéta-
tion invokes an outflow, which removes gas within the extdnt o
the outflow, therefore inhibiting star formation, while @lmduc-
ing star formation at the interface between the outflow argliga
the host galaxy. A similar scenario is seen arounc-2 zjuasar
(Cano-Diaz et al. 2012) in which extended star formations@ales
of several kpc; Fid.17) is observed, however, there is nofstara-

(© 0000 RAS, MNRASD00, 000—-000

tion observed in the region where a strong outflow is deteicted
[Oll1]. To explore the various feedback effects furtherdateter-
mine the fraction of reddened quasars which exhibit suchoange
etry, a comparison to the resolved [OIlll] emission in eaclrse

is required. Complimentary [OIlll] observations can be used
compare the outflows and star formation morphologies. Highe
resolution observations of multiple diagnostic emissioed will
enable the gas properties and kinematics to be studiediiafjahe
importance of AGN-feedback in the evolution of the host gigla

to be constrained.

5 CONCLUSIONS

We have utilised IFU observations to study the star fornmgpi@p-
erties of a sample of 28 reddened quasats-at2, finding evidence
for star formation in 16 reddened quasars (i.e. 57%), with\ar-
age star formation rate of 32FOMuyr—*. The star forming re-
gions detected are constrained to lie withi® kpc of the central
AGN in the majority of the sample, however in five of the sample
there is evidence for resolved, extended emission arownguasar
centre on scales 6f8 kpc. In two of the sources in which we do not
detect star formation the star formation rates are coms&datio be
<B0Myyr—* suggesting very little star formation is occurring in
these host galaxies. However, the limits on the star foonatites
for the remaining eight quasars are not as constraininglyingp
that significant star formation may be present in the majaft
our sample. Higher resolution observations of the star &ion in
the reddened quasar sample are required to disentangletdm® p
tial positive and negative feedback effects of the AGN onsttae
formation properties of its host galaxy.
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APPENDIX A: ISAAC NARROW-BAND Ha IMAGING OF
UL ASJ1234+0907

For ULASJ1234+0907 we have also performed narrow-band-imag
ing observations using the ISAAC (Infrared Spectrometed An

ray Camera) camera on the VLT (Moorwood et al. 1998). We used
a narrow-band filter at 2.20m corresponding to the observed
wavelength of K in this quasar. Observations were carried out
in 2013 March. The ISAAC field of view is 2:62.5 arcmin and
the pixel scale is 0.148 arcsec per pixel. ULASJ1234+09QHds
most extreme object in our sample. With ¢ K)=5.3 (Vega), it

is by far the reddest quasar currently known and the reddsst n
infra-red luminous source in the extragalactic sky. The gataxy

of the rapidly accreting black-hole is a hyperluminous atiest
with an enormous star formation rate conservatively eséohto be
~2000Myr ! (Banerji et all 2014). The objective of the narrow-
band observations was therefore to detect extendeceidission
associated with star formation in the quasar host galaxyroad
K-band continuum image was also taken using ISAAC to allow
calibration of the narrow-band image and subtraction oftioen
uum emission from any narrow-band detected sources. Thewmar
band observations were split into two Observing Blocks (Bs
ease of scheduling. Each OB consisted of seven ditheredergmo

of 4x75s each resulting in a total integration time of 70 minutes
across the two OBs. ThE s-band observations were taken using
15 dithered exposures of@.0s each resulting in a total integration
time of 15 minutes. All observations were carried out undestp-
metric conditions and in very good seeing<00.5 arcsec in order
to be able to spatially resolve kiloparsec scale structasssciated
with extended star formation in the quasar host.

The data was reduced using standard ESO tools provided as
part of thegasgano package. Data reduction steps included dark
subtraction, flat-fielding and co-addition of the indivitlexpo-
sures to produce the combined images. Images were registeie
the World Coordinate System (WCS) using the positions ofdmo

(© 0000 RAS, MNRASD00, 000-000
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2MASS stars in the field. Flux calibration was performed gsin
standard stars observed in thg filter on the same night. The me-
dian K s band zero-point derived from these observations is 24.16.
We applied an offset of 1.9 mags (Retzlaff etial. 2010%ip to
convert the magnitudes to the AB system. The relative tHipuy
between the broad and narrow-band filters was determinexdy usi
a single 2MASS star in our field. Due to the lack of other bright
objects in the field, this flux calibration is expected to beunate

at the level of 0.1 mags. As the two narrow-band OBs were exe-
cuted on different nights, we reduced each of these sepatate
produce two co-added narrow-band images. After ensuriaict e
photometry and astrometry were consistent between thenwo i
ages, the two reduced narrow-band images were then comtained
produce our final narrow-band image.

The measured FWHM of the quasar in t€s-band is
0.41arcsec which is consistent with the size of the seeisl di
of the ISAAC observations. The FWHM of the quasar in the two
narrow-band images is 0.43 arcsec and 0.51 arcsec oncecagain
sistent with the seeing of the ISAAC observations.

The quasar appears to be unresolved in both the broad and

narrow-band observations. In order to search for faintreded Hy
emission, we attempted to perform PSF subtraction on theagua
image using the single bright star in the field. The star wds su
tracted from the quasar images after scaling the flux of thetst
match that of the quasar. Although some residuals remained d
to imperfect subtraction, the PSF subtracted images arsistent
with noise and we do not find any evidence for obvious extended
Ha emission around the quasar.

In order to derive the noise on thentHmages, we extracted
a region of 256256 pixels around the quasar in which there are
no other bright sources. The quasar broad-line emissiontheas
masked from the images by removing all pixels abowewhich
are all located within the seeing disk of the image. The remgi
pixels were then used to calculate the RMS noise properfiteeo
narrow-band images. The RMS noise is Q.09 per pixel in the
combined narrow-band image which translates to anfldx of
1.7x 107 '8 erg/s/cr per pixel.

We subtract the broad-lineddemission from our narrow-band
image such that we are only sensitive to extended star favmat
at radii outside the seeing FWHM-(L arcsec from the quasar nu-
cleus). This corresponds to physical scaleg8kpc atz = 2.503.

At scales of>8 kpc from the quasar, our narrow-band imaging al-
lows us to place limits on the star formation rate densityweoting
Ha flux to a star formation rate using Kennicutt & Evahs (2012))
of Ysrr <3Meyr~! per pixel or< 2Mgyr ‘kpc™2 (30). In
Fig.[AT we show the star formation rate density map in a box

ZSFR )
(Molyr/plxel)
-3 . . . N 5
_2, 4
_17 @ P
> 3
3 0
m -
{7 ,
1 ®
2] 11
3 ‘ ‘ . ‘ L Lo
-2 0 2
arcsec

Figure Al. Narrow-band K emission map in a region of>& arcsec
around ULASJ1234+0907 where theaHemission per pixel has been
converted to a star formation rate density per pixel. Theelpbize is
0.148 arcsec. The image has been smoothed using mediamdileer a
2x2 pixel box. The & contours can also be seen. From this map, we ob-
tain a I limit on the star formation rate density Blspr <1 Mayr—! per
pixel

tion is expected to be-7x 1078 erg/s/cni. The noise in our co-
added narrow-band image is k2078 erg/s/cmi per pixel so we
should have detected this star formation atther level if it was
occurring at radit>8 kpc from the central black-hole. We conclude
therefore that the starburst in ULASJ1234+0907 is locatikinv
~8kpc of the central black-hole. In Sect{onl3.3 we find thatstay
formation within the PSF<6.1kpc) must have a star formation
rate<4600Myr—'. These results are therefore consistent with the
findings of the narrow band imaging that the star formatiostbe
contained within the central 8 kpc.

APPENDIX B: ULASJ1002+0137

Using the same H data,| Cresci et all (2015) highlight two re-
gions (at & and 4 significance levels) of narrow &l emission

of 6x6 arcsec around ULASJ1234+0907. The nuclear source hasin ULASJ1002+0137 from which they measure a combined H

been masked out from the image.

The total star formation taking place in ULASJ1234+0907
has been constrained a2000Myr~* from far infra-red obser-
vations (Banerii et al. 2014), enabling a comparison to the |
its on the level of unobscured star formation derived fromn ou
Ha narrow-band imaging. Given the extreme starburst luminos-
ity of ULASJ1234+0907 and even accounting for a dust-exiimc
of Ay = 6 mags as measured towards the central black-hole
(Banerii et all 2012), the H flux due to star formation is expected
to be 3.4<107'7 erg/s/cni. This is a lower limit given that the ex-
tinction may be less severe towards the star-forming regiés-
suming this star formation is occurring over a regiond kpc or
0.75 arcsec consistent with observations of SMGs (Swinkeaak
2006; | Alaghband-Zadeh etlal. 2012; Menéndez-Delmese et
2013), this means that thedHflux per pixel due to star forma-

(© 0000 RAS, MNRASD00, 000—-000

star formation rate of~230M s /yr, consistent with the star forma-
tion rate of~275 M /yr constrained from far-infrared observations
(Brusa et al. 2014). The narrowdHprofile of ULASJ1002+0137
presented in both Bongiorno et al. (2014) and Crescilet Al %P

is present in our integrated spectrum (see Paper I). A sts&pg
emission line is coincident with the narrowaHemission. Using
our noise-weighted, broad profile-subtracting, detediidreme we
detect a smaller narrow dd signal with a star formation rate of
4749 Mg lyr found to lie in a region of~11 kpc around the quasar
centre. Owing to the 0’8seeing of the observations we do not at-
tempt to undertake a spatially resolved analysis of thisabjWe
note that our procedure is tailored for use on multiple disjegth

no prior information available about the shape of both theatr
and narrow H lines.
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Figure C1. Left: Map of the narrow k. emission in ULASJ1002+0137, created by integrating thélpreubtracted cube from the centre of the narrow line
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PSF-aperture by the black line in the bottom, right-haneeniTop Right: The total spectrum from the aperture at tresgucentre with the scaled Gaussian
overlayed. Bottom Right: The noise spectrum (as detaileseictio] 2.11).
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Figure C2. As for[C1 for the narrow i emission in VHSJ1556-0835. Since the narrow émission is spatially unresolved the spaxels are binnell that
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Figure C10. As for[C2 for the unresolved narrowddemission in VHSJ2141-4816. A narrow Gaussian profile withidttwof 0=200 kms™! was found to
give a better fit therefore the map is created by integratireg #300 kms™! (1.50) and the Gaussian profile overlayed has a width=s200 kms™*.
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Figure C11. As for[CZ for the unresolved narrowddemission in VHSJ2143-0643.
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Figure C12. As for[C] for the resolved narrowddemission in VHSJ2144-0523. A narrow Gaussian profile withdttwof =200 kms~! was found to give
a better fit therefore the map is created by integrating ex@00 kms™! (1.50) and the Gaussian profile overlayed has a width200 kms™!. The narrow
Ha emission is spatially resolved.
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Figure C13. As for[CZ for the unresolved narrowdiemission in ULASJ2200+0056.
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Figure C14. As for[CZ for the unresolved narrowdiemission in VHSJ2212-4624.
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Figure C15. As for[CZ for the unresolved narrowddemission in ULASJ2224-0015. This source is removed fromsthe formation sample as detailed in

Sectio 3.211.
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Figure C16. As for[C] for the resolved narrowddemission in VHSJ2235-5750. A narrow Gaussian profile withdttwof =200 kms! was found to give
a better fit therefore the map is created by integrating ex@00 kms™! (1.50) and the Gaussian profile overlayed has a width<200 kms™!. The narrow
Ha emission is spatially resolved.
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Figure C17. As for[C1 for the resolved narrowddemission in VHSJ2332-5240. A narrow Gaussian profile withdttwof =200 kms! was found to give
a better fit therefore the map is created by integrating ex800 kms™! (1.50) and the Gaussian profile overlayed has a width=200 kms™*.
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Figure C18. As for[CZ for the unresolved narrowdiemission in VHSJ2355-0011.
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