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ABSTRACT

We exploit a sample of ultra-faint high-redshift galaxiéermagnified HSTH160 magnitude> 30) in the
Frontier Fields clusters A2744 and M0416 to constrain argtgzal model for the UV luminosity function
(LF) in the presence of photoionization feedback. The dbjbave been selected on the basis of accurate
photometric redshifts computed from multi-band photométcluding 7 HST bands and dedéf and IRAC
observations. Magnification is computed on an object-bjgailbasis from all available lensing models of
the two clusters. We take into account source detection temness as a function of luminosity and size,
magnification &ects and systematics in the lens modeling of the clustersrindgestigation. We find that our
sample of highz galaxies constrain the cutfdalo circular velocity below which star-formation is supgsed
by photo-ionization feedback t"* < 50 km s. This circular velocity corresponds to a halo massrof
5.6x10° My and~ 2.3x10° M, atz = 5 and 10 respectively: higher mass halos can thus sustaiimaons star
formation activity without being quenched by external @ing flux. More stringent constraints are prevented
by the uncertainty in the modeling of the cluster lens, asadidal by systematic ffierences among the lens
models available.

Subject headings: dark ages, reionization, first stars — galaxies: high-riétsh

1. INTRODUCTION The gravitational lensing provides us with the opportunity

The investigation of the reionization process and of the ear {© investigate such faint galaxy populations. The Frontier
liest phases of galaxy evolution are deeply connected.- Star Fields (FF) Survey provides the ideal context for such an in-

forming galaxies are currently believed to be the sources ofVestigation. The FF survey is an HST observing program tar-
reionizing photons, with the bulk of the ionizing flux gen- 9€ting Six galaxy clusters, and six parallel pointings gittie
erated by objects at the faint end of the luminosity func- cOmparable to the Hubble Ultra Deep Field one. Thanks to
tion (LF) (e.g. BQ \wens et AL, 20152 Robertson &t al. 2015: magnification &ects the FF survey enables the study of galax-
| 2015; Castellano etlal. 2016b), althowgh €S as intrinsically faint as those that will be detected\WsT
cannot yet ruIe out a contribution from bright star-forming N Plank fields. In principle, theféect of feedback can be in-

galaxies [(Sharma et/dl. 2016) or AGNS (¢.9. Giallongolet al. vestigated through a direct derivation of the UV LF to look
h01

Yoshiura et al. 2016). Our understanding of the reion- for a cut-df of the galaxy number density distribution. Here
ization epoch is currently limited by a poor knowledge on we take an alternative and more powerful approach described

key physical quantities such as the escape fraction ofiiagiz N Yue etal.(2014) (Y14 hereafter), namely a comparison be-

photons (e.d. Khaire et al. 2015), the intrinsic ionizinglget tween the observed number counts and those predicted by a
5. Ma e Al 2D16) and the ¢tibb theoretical model of formation and evolution of galaxies-du

(e.g.LStanway et al. 201 OV
the UV LF at faint magnitudes (e.g. Bouwens é{ al. 2015a). N9 the rﬁlonlza'uon eﬁqcmm.t?)' ’A(‘js sh%vlvn by
The investigation of the LF cutfbis of particular interest Y14, SUCh an approach is extremely sensible and enables con-

because of its relation with star-formation and feedback pr  Straints even from limited galaxy samples. We will explbé t
cesses in low mass halos. technique outlined in Y14 using data from the first two Fron-

Faint galaxies are hosted by low mass halos with shal- tier Fields Abell-2744 (A2744 hereafter) and MACSJ0416.1-

o Sle i 2403 (M0416).
low gravitational potentials: in the presence of an exter- .
nal i%nizing flux ?heir gas could bg evaporated and the Throughoutthe paper, observed and rest—frame magnitudes

star formation quenched (e.g.__Mesinger & Dijkssfra_2008; &€ In the AB system, and we adopt theCDM concor-
Sobacchi & Mesinger 2013b,a; Hasegawa & Sertelin 2013).dance modelQr=0.308,Q,= 0.692,,=0.048, 10.678,
This may eventually result in a reduction of the number of 8=0-815,ns=0.97, see Planck Collaboration ef'al. 2015).
ionizing photons they emit, thus questioning their rolean-i 2. THE FRONTIER FIELDS DATASET

izing the IGM. The reionization process and its sources in- : . .
terpgllay with each other. Until ngw there is a lack of direct We exploit the ASTRODEEP photometric redshift catalogs
observations of such a picture of A2744 and M0416 from Castellano et al. (2016a) (C16b

' hereafter) based on the multi-band photometry presented in

marco.castellano@oa-roma.inaf.it _ Merlin et al. [2016) (M16 hereaft€)We summarise here the
INAF - Osservatorio Astronomico di Roma, Via Frascati 3300078 information most relevant for the present work.

Monte Porzio Catone (RM), Italy . . ) .
2 Scuola Normale Superiore, Piazza dei Cavalieri 7, I-56186, Praly The catalogs include information for 10 passbands: the

3 Kavli IPMU (WPI), Todai Institutes for Advanced Study, theier- seven HST bands observed under the FF program (F435W'
sity of Tokyo, Japan F606W, F814W, F105W, F125W, F140W and F160W) to-

4 SUPA, Scottish Universities Physics Alliance, Institute Astronomy,
University of Edinburgh, Royal Observatory, Edinburgh,E8HJ, U.K. 5 hitpy//www.astrodeep.gfrontier-fieldg
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gether with Hawk-I@VLTKs band and IRAC 3.6 and 4/
data. The typical & depth in 2 PSF-FWHM apertures are
~ 285 - 290 (HST filters),~ 26.2 (Ks), ~ 25 (IRAC). The
detection is performed on the F160W bartidy hereafter)
after applying a procedure (see M16) to remove foreground
light both from bright cluster galaxies and thefdse intra-
cluster light (ICL). Low resolutioriKs and IRAC images have
been processed with-PHOT (Merlin et al. 2015). As shown
in M16, this procedure enhances the detection of faint iinse
galaxies, especially in the central regions of the clusters
Photometric redshifts have been measured with six dif-
ferent techniques based onffdrent codes and assumptions
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and sizes. We consider both point-like and exponential pro-
file sources with half-light radius.05 < R, < 1.0 arcsec, and
total magnitude 26 < Higo < 30.0. We simulate 2 10°
sources per field. Two hundred mock galaxies each time are
placed at random positions in our detection image which is
then analysed using the samexSkactor parameters adopted

in the real case. After the whole input galaxy population has
been analysed we store the tabulated values of the complete-
ness at dierent magnitudes arfe}, that will be used in Sedil 4

for comparing observation to our model. As a reference, the
90% detection completeness ranges fitdpgy ~ 26.6 — 26.7
(Ry=0.3 arcsec) tdH16p ~ 27.7 — 27.8 in the case of point-

(see Cl16b). The FF sources are then assigned the mediasources.

of the six available estimates in order to minimize systemat
ics and improve the accuracy. In the cluster fields the typ-
ical accuracy found from a comparison with spectroscopic
samples isoazy@+z ~ 0.04. We successfully recover as
highz sources most of the > 6 candidates known in the

two fields (Laporte et al. 2014; Zitrin etlal. 2014; Oesch et al

3. THE MODEL

We compare our observations to a theoretical model for the
LF of high-z galaxies in the presence of reionization feed-
back. The model extends the analytical algorithm described

in [Trenti et al. (2010)| Tacchella etlal. (20138); Mason ét al.

12014;1Zheng et al. 2014; Atek etial. 2015; Coe et al. 2015;
IMcLeod et al. 2015; Ishigaki et al. 2015). We assign magnifi-
cation values to sources in our catalogs as estimated frem th
different lensing models of the two FF fidldswe measure

(2015) by additionally including the quenching of star for-
mation activity in low mass halos that are located in ionized
regions. Full details are presented in the above mentioaed p
pers and in_Yue et all_(20116), here we briefly summarize the

for each object the shear and mass surface density values anain properties. The model relies on the assumption of a star

its position from the relevant maps and we use them to com-
pute the magnification at the source photometric redshift.

2.1. High-redshift sample

Following Y14 in this work we will consider objects at
5.0 < z < 100 and with intrinsic magnitude fainter than
Hisoine = 30.0. Such faint sources are typically hosted in
halos of mass 10%° — 10%°M,, corresponding to virial tem-
peraturesTy; > 15 x 10* K, that are likely strongly af-
fected by photoionization feedback (€.g. Dikstra ét aD20
[Mesinger & Dijkstrd 2008, Y14). In Fif] 1 we show the num-
ber of galaxies withntrinsic Higaine > 30 in magnitude bins
with width AHisint = 1 @s obtained by demagnifingserved
magnitudes following the élierent available lensing models
in the two fields. The number ¢16qinc > 30 highz sources
ranges from 19 to 32 in the A2744 field, and from 14 to 20 in
the M0416 field, depending on the adopted lensing map. We
find that most of these are faiht;go ~28-29 sources magni-
fied by a factor~ 5 — 10 with only a small fraction of the ob-
jects ¢~ 10%, depending on the model) being selected thanks
to an extremely high magnificatior (60). Objects at ~ 5-7
constitute the bulk of the sample outnumbering higher réidsh
sources by a factor of 7-8. The samples selected according t
different models typically include fierent sources, with only
about half of the objects being selected by 2 or more models
in each field. Despite thesefl#irences, the number counts
obtained from dierent lensing models show a similar behav-
ior. In Sect[# we will describe the procedure we exploit to
derive theoretical constraints while taking into accotnase
discrepancies betweenfidirent lensing models.

2.2. Completeness simulations

formation dficiency which is a redshift-independent function
of halo mass. Halos with the same final mass can have dif-
ferent luminosities as a result offtirent mass assembly his-
tories. The star formationfigciency parameter is calibrated
from the observed = 5 UV LFs and then used to model the
LF at higher redshifts on the basis of the halo mass function
and the above constructed luminosity - halo mass relations.
As pointed out by Mason etlal. (2015) this approach allows
us to reproduce the observed highFs.

The dfect of photoionization feedback on the star forma-
tion activity depends on the halo mass: 1) SFR is suppressed
in halos with circular velocity below a given cuffovalue
(V&Y that form in already ionized regions; 2) star-formation
can begin in halos witl, < V¢ that formed in neutral re-
gions but it is then quenched if their environment is ionized
by neighboring galaxies; 3) star-formation proceeds @mnint
rupted as the host halos are massive enoughct") all the
time. Using the “bubble model” based algorithm presented
in [Eurlanetto et dl/(2004) we model the above three cases to
find the probability for a given halo to be located in an ion-
ized bubble large enough to contain at least another pemnsist
galaxy (i.e. always having v¢") and revise the halo star for-
mation history described above accordingly. We eventually

Dbtain the UV luminosity and emission rate of ionizing pho-

tons of a halo when its mass, formation time, star formation
quench time are given. The model has two free parameters,
the escape fraction of ionizing photongs) and the above
mentioned cut-fi circular velocityve", that provide a flexible
way to model the interconnection between UV background
and feedbackféects on the star-formation. These two param-
eters are treated as independent of each other in our model:
for each given pair of values we compute the reionization his
tory and the resulting UV LFs in a self-consistent way (see

A critical ingredient for comparing predicted and observed [Yue et al[ 2016, for details).

number counts of ultra-faint lensed sources is the detectio
completeness as a function of the obserkkgh magnitude.

As an dfect of reionization feedback, the abundance of
galaxies in halos withv, < V' drops rapidly (although

As described in M16 we estimate completeness through imagnot necessarily monotonically). Interestingly, due to éxe

ing simulations with synthetic sources offérent magnitudes

6 hitpy/www.stsci.edfhsfcampaigngrontier-fieldgLensing-Models

tremely steep intrinsic UV LF faint-end, even a strong reion
ization feedback (i.e. higHesc and V&™) is not enough to
make the abundance drop to zero, such that faint galaxias wit



Frontier Fields constraints on photoionization feedback 3

L e e B I O e e e e e e L
% a2744 m0416
%1 < bradac
A cats
1 merten X
3
, [u] sharon )
10 v v williams T v o i
A * zitrin—=Itm
— @ @ glofic
+ * X zitrin—nfw
=z [ ‘ H ® medion * *
v A
v 1 <X w A
N =1
——————— H— B — B — W~ — S ——— AT ————— [ — W& — -0 ————F————
O T T E R S S S R SR ) T H EN R S S DI SR DI
29 30 31 32 33 34 35 36 37 38 29 30 31 32 33 34 35 36 37 38
His0,nt Hi60,int
10__. e — T — T — T — T — T .__
9 C [ ] ]
o F Oe Brada¢ model
o N
2 8F © 3
z [
g (s ° ® O. -
o] . o .(%.O . °
6 C OO [ ] O e} ]
[ ®e .O .O O. ‘ e
5,1,  »P*9, 0 ® e, Qv ]
-18 -17 -16 -15 -14 -13 —-12
MUV
[ — T — T — T — T — T T
10 ¢ . E
g Median counts
=, L
1E 3
0.1 L L P
-18 —-17 -16 -15 -14 -13 -12
M

Fic. 1.—Top: the number of galaxies in intrinsid1qine bins of width 1.0 mag for the clusters A2744 (left) and MOA41igHt) respectively. Oferent symbols
refer to diferent lensing models. For displaying purpose we slightlft fie x-axes of some models within the magnitude bin. Talguhe eye we plot the
N = 1 as horizontal dashed lin®ottom: de-magnified UV rest-frame magnitudes in A2744 (black liaed filled circles) and M0416 (red lines and empty
circles): as a function of redshift (top panel) and distiitnu (bottom). The Brada¢ model is used for reference irfeh@er plot; median among number counts
from the eight models is used in the latter (error bars shewrtterquartile range).

Ve < VeU"'may still exist and be numerous even after reioniza- number of galaxies in theffective volume behind one pixel
tionis completed. These galaxies can start their initaal f&ir- in the lensing model,

mation activity at the formation time and are then quenched

later on. They act as a fossil record of the reionization pro- o ydr 1

cess: their abundance allows us to constrain the reionizati Ny = AQdeSr (ZS)d_ZSﬂ(ZS) f‘D(L’ z)dL, (1)
history. Finally, we remark that our model assumé&sD M

cosmology, and the abundance of low mass galaxies is conywhereAQ is the solid angle of this pixef, is the comoving
sistently interpreted asffected by feedbackfkects on star-  gistance ang is the magnification. We then randomly gener-
formation in low mass halos. However, modifications of the ate an integeN from a Poisson distribution with mean value
initial power spectrum as in WDM cosmologies can also af- (Ny, so there ard\ galaxies in hand; each galaxy is assigned
fect number counts at the faintest end in a similar way (e.9. 3 redshift from the probability distribution d(N) /dzs, and

Barkana et al. 2001; Dayal et/al. 2015; Menci et al. 2016).  then a luminosity from the probability distributiond(L, zs)
where®(L, z) is the theoretical LF for a giveffesc and veUt

4. CONSTRAINTS ON THE LF CUT-OFF . 6). We assign to this galaxy a physical size
In this section we investigate the constraints we can putR that follows a log-normal distribution. As aI.
thanks to the FFs high-sample on the two free parameters (2013), the peak of the distribution is luminosity-depemige
in our model: fesc andV&¥. We exploit Monte Carlo simula-
tions to compute the probabilities to observBatient number _ LV
of galaxies once the LF is given. First, we have the mean R(L) = RO(L—) . (2
0
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Fic. 2.— The probabilities of observeing various number of gakain diferent magnitude bins for model parametéyg = 0.2 andvg!! = 30 km st. Left
panel is for the A2744ight panel is for MO416. The open circles are the median of therebdenumber counts obtained fronfférent lensing maps. To guide
the eye we plot th& = 1 andN = 0 as horizontal dashed lines.

We take the best fitting parametergzat 5 (however param- -28009(1)
eters atzg = 4 yield similar results) in their Table 3; namely T ey

Ry = 1.19 kpc, Lo corresponding to an absolute magnitude
Mo = -21,8 = 0.25. The variance of the distribution is
ologr = 0.9/In10. The physical size at other redshifts is de-
rived from ac (1 + 2)~* evolution. We verified that a fier-
ent assumetion on the evolution of size with redshift, as the
o (1+2)7947 found byl Curtis-Lake et all (20116), does not sig-
nificantly afect the results. The last step is to include obser-
vational incompleteness on the basis of simulations desdri
in Sect[Z.2. To this aim we find the apparent magnitudes for
the aboveN galaxies asdi6qin: — 2.5l0g() and the observed
angular sizesyu x 6, whereHieqin is the intrinsic magni- 40.01 .
tude andj is the intrinsic angular size. The predicted number
counts are then scaled on the basis of the estimated complete
ness level for galaxies of the given observed magnitude and 30.01 7
size.

After the loop for all lensing pixels that are in the

[km/s]
=y

yeut

WFC3HST field of view, one random realization is com- oor L L s - |
pleted. For each lensing model we eventually make 30000 re- 0.2 0.4 0.6 0.8 1.0
alizations. In the above algorithm, each pixel is treateithas fese

dgpendent of each -Other’ soift tiVQ VO-Iume of dfere-nj[ Fic. 3.— Likelihood map forfescandvéUt as constrained by the comparison
plxels overlaps (as in the case of mU|tIpIe |mages), gaiaxne between the combination of 7\85744 gnd MO0416 high-redshiftgas from
the overlapped volume are counted more than once. Therea available lensing models and our theoretical model.

fore, when comparing simulated samples with observations,

the number of images instead of the number of objects, should ut 1 .

be compared, such that we are not interested in determining?NdVe" = 30 km s~ compared for reference to the median of
whether our highe samples include multiple images of the er;g number counts computed from théfelient lensing mod-

same observed source. , . .
For a given pair of parameteffss; and ™, we can now We compute the final likelhood assuming that the number

it (NI u counts in diferent magnitude bins are independent of each
compute the probabilitp; (o, fes‘?Vg t)t.o observeanumber 0" \ve also include an additional term to weight each
of galaxiesN! _in the i-th magnitue bin following the j-th

. ops _ o model according to its consistency with the observed con-
lensing model. We can then build the mean probability acrossg;yzints on the CMB optical deptfans

all eight lensing models available in each field:
2
i 1 i X7
p(Ncl)st feso ng) = é Z pj(N:)bJ feso ng), 3) Lo exp( 2
j

e[ Tomdteas. @
i

As an example, we showas a function oN' in Fig.[2 for where (7 = Tobe)?
the two fields A2744 and M0416 for the case wHgn = 0.2 = —2= (5)

2
0z
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Fic. 4.— The UV luminosity functions from our model with no feexix
50km s (green) andg!t = 30km st (magenta) at, from top

(blue), Vet =

to bottom z=5,z=8andz= 10. Observed points are frdm Bouwens ét al.

(2015b) (red)_McLure et al(2013) (green) and Atek e{d116) (magenta).

Tobs =

0.066 ando,

= 0.016 is the Planck measure-

ment

dl. 2015), amds theoreti-

(Planck Collaboration et
cal optical depth which depends on tlig. and V" (e.g.
'Shull & Venkatesgh 200

8: Yue etlal. 2016).

In Fig.[d we plot the contour map of the constraintsfeg

andv“ from the combination of the two clusters A2744 and
M0416 The number of ultra-faint FF galaxies yields a limit

of VUl <

50km s* (107) on the cut-& circular velocity. In
general terms, the number countéeetively constraing",
while no constraints can be put da. Indeed, the depen-
dence of the number counts dg.is mostly evident 3-5

magnitudes fainter than the LF turn-over magnitude at @l re
shifts, andor at magnitudes close to the LF turn-over during
reionization (i.e. 2 7), thus in a luminosity range which is
not yet reached by current samples : 2016, for
details). The constraint we obtain oft" can be translated
into ~ 5.6 x 10° M, and~ 2.3x 10° M, atz= 5 and 10 re-
spectively. In general, the smaller the halo mass is, thieras
its star formation is quenched. Here what we get is the upper
limit, above which one can safely say that halos can sustain
continuous star formation. We verified that the inclusion in
Eg.[4 of the consistency criterion with the measured CMB
optical depth has a minoffect on the above constraints. We
show in Fig[4 the model UV luminosity functions at= 5,

8, 10 for referencet" values consistent with the limit we de-
rived compared to the no-feedback case: the ¢ltiocular
velocity corresponds to a UV cutfowhich slightly depend

on redshifts and roughly correspond¥lyy ~ —15 (V" = 50

km s?) andMyy ~ —-12 (& = 30 km s71). To improve
these constraints and observe the intrinsic decline ofxgala
abundance due to reionization feedback an improvement of ei
ther the observational data or of the lensing models is reeede
Our conclusions are robust against photometric redshift un
certainty: we found no appreciable change usirtgdent re-
alizations of the higlesample obtained by randomly perturb-
ing the photometric redshifts in the parent catalog acogydi

to the relevant uncertainty.

In Fig.[3 we show the contour maps obtained using three
different lensing models that are available for both clusters.
On the one hand, individual models yield constraints that ar
in overall agreement with those outlined above. On the other
hand, our “global” approach is more conservative sincedoos
constraints than from individual maps are obtained when sys
tematics are taken into account. This shows that improving
lensing models and understanding their underlying discrep
ancies provides the best way to improve this kind of analysis

5. SUMMARY AND CONCLUSIONS

We have constrained our theoretical model (9éct. 3) for the
LF at high redshift using a sample of ultra-faifljgqin: > 30)
z > 5 galaxies in the first two Frontier Fields clusters A2744
and M0416. The objects have been selected on the basis of
their photometric redshift computed from 10-bands photom-
etry from the F435W to IRAC 4/am bands (Secf]2). The
comparison between theory and observations relies on the es
timation of source detection completeness as a function-of |
minosity and size, and on taking into account systematies du
to different lensing models. The free parameters of our model
are the escape fraction of ionizing photoiigd and the cut-
off circular velocity (£") below which star-formation is sup-
pressed by photo-ionization feedback. We find that galaxy
number counts yield constraints on the reionization feekiba
strength while they are nearly uifected byfese We found
Vet < 50km s, corresponding to a halo mass.6x10° M,
and~ 23 x 10° M, atz = 5 and 10 respectively and to
Muv ~ —15. Our analysis shows that photoionization feed-
back does not quench star formation activity in halos with
circular velocity above 5@m s, while present data do not
allow us to pinpoint the threshold below which feedback is ef
fective. We find that the uncertainty in the lensing modeds, a
embodied by systematicftierences betweenftirent maps,
is the factor that most limits our capability in putting etgent
constraints on theffects of feedback on the high-redshift LF.
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Fi. 5.— Parameter constraints obtained from three indiviteraing models available for both clusters. From left titiddradac; Zitrin-nfw; Zitrin-ltm.
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