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-‐  ionizing	  radia)on	  produc)on	  (physical	  proper4es)	  vs	  escape	  (interac)on	  with	  ISM)	  
[e.g. Avedisova 1979, Roy 2014] 
-‐  simula4ons	  predict	  ISM	  condi)ons	  for	  escape	  (NHI,	  clumpy	  medium,	  	  

	   	   	   	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  free	  line	  of	  sight/anisotropic	  escape)	  
[e.g. Yajima 2011, Paardekooper 2015, Wise 2014, Zackrisson 2013, Cen 2015]	  
-‐  interac)on	  with	  IGM	  (galaxy	  environment,	  re-‐ioniza)on)	  
[z~3	  IGM	  transmissivity	  is	  ~40%,	  Inoue 2014]	  
-‐	  	  	  	  LyC	  leakers	  are	  probably	  low-‐mass,	  star-‐forming	  galaxies	  below	  detec)on	  limits	  

	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  a	  few	  massive	  with	  ac)ve	  feedback	  	  
[e.g. Heckman 2011, Haardt & Madau 2012, Borthakur 2014, Prochaska 2009, Stevans 2014]	  
	  
-‐  challenge:	  	  weak	  signal,	  low-‐z	  contamina)on,	  a	  few	  favorable	  lines	  of	  sight	  
[e.g. Vanzella 2012, Cen2015, Siana 2015, Grazian 2015]	   -‐>	  Mo4va4on	  
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Project	  idea	  

-‐  sample	  of	  spectroscopically	  confirmed	  SFGs	  at	  z~3	  in	  ECDFS	  (about	  200	  redshi;s)	  
(FORS,VIMOS	  GOODS-‐S	  MASTER	  CATALOG	  +	  literature	  	  	  
VUDS | VIMOS Ultra Deep Survey 
 
            =	  A	  deep	  VIMOS	  survey	  of	  the	  CANDELS	  UDS	  and	  CDFS	  fields	  
 
MUSYC	  narrow-‐band	  selected	  LAEs	  at	  z~3.1)	  
	  
	  
-‐  HST	  coverage	  at	  least	  in	  2	  bands	  from	  CANDELS/GEMS	  surveys	  	  
	  	  	  	  	  inspect	  HST	  images	  to	  keep	  only	  source	  in	  clean	  regions	  (blue-‐red	  bands,	  knot	  colors,	  PSF)	  
	  	  	  	  	  to	  reduce	  low-‐z	  nearby-‐source	  contamina)on	  on	  individual-‐source	  basis	  
	  
-‐  CANDELS/ECDFS	  mul4-‐wavelength	  photometry	  to	  study	  physical	  proper)es	  

-‐  measure	  LyC	  flux	  in	  (archive)	  narrow-‐band	  images	  covering	  rest-‐frame	  860-‐910	  Å	  
	  	  	  	  	  	  at	  the	  posi)on	  of	  the	  source,	  within	  op)mized	  apertures	  (about	  PSF,	  2xPSF)	  	  	  	  	  	  
	  
-‐	  	  	  	  	  non-‐ionizing	  radia)on	  flux	  from	  CANDELS/GEMS	  V606	  band	  flux	  (global)	  

HOME TEAM PROJECT INTERNAL

VANDELS is an ESO public spectroscopic survey targeting high-redshift galaxies within the Chandra Deep Field
South (CDFS) and UKIDSS Ultra Deep Survey (UDS) survey fields. Specifically, VANDELS will use the VIMOS
multi-object spectrograph to obtain ultra-deep, medium resolution, optical spectra (0.48µm-1.0µm) of around
2500 high-redshift galaxies, the majority of which will be selected from the HST imaging of the CDFS and UDS
fields  provided  by  the  CANDELS  survey.  Combining  the  ultra-deep  VANDELS  spectroscopy  with  the  best
available optical+nearIR+Spitzer imaging will produce a unique legacy dataset, capable of unveiling the physics
underpinning high-redshift galaxy evolution.

The principal  targets  for  VANDELS spectroscopy will  be  star-forming galaxies  at  redshift  z>2.5,  when the
Universe was less than 20% of its current age. By adopting a strategy of ultra-long exposure times, ranging
from a minimum of 20 hours per source to a maximum of 80 hours per source, VANDELS is specifically designed
to be the deepest ever spectroscopic survey of the high-redshift Universe. The fundamental science driver of
the VANDELS survey is to move beyond basic redshift determination, providing spectra with sufficient signal-
to-noise to investigate the astrophysics of high-redshift galaxy evolution via detailed absorption line studies of
well defined samples of high-redshift galaxies.

The primary galaxy samples targeted by VANDELS will be bright (HAB<24) star-forming galaxies in the redshift
interval 2.5<z<5.5 and fainter (HAB<27) Lyman-break galaxies (LBGs) in the redshift interval 3.0<z<7.0. The
aim  is  to  combine  the  high  signal-to-noise  VANDELS  spectra  with  the  unparalleled  multi-wavelength
photometry, to produce accurate measurements of stellar mass, star-formation rates, stellar metallicities and
gas  outflow  rates.  This  information  will  provide  important  new  insights  into  the  evolution  of  the  galaxy
stellar-mass function, the cosmic star-formation rate density and the build-up of the galaxy mass-metallicity
relation. In addition, VANDELS will also investigate the descendants of high-redshift star-forming galaxies, by
targeting a large sample of bright (HAB<22.5) passive galaxies at redshifts 1.5<z<2.5. Accurate determinations
of the typical ages, star-formation rates, metallicities and dust content of this galaxy population will provide
new insights into star-formation quenching and the build-up of the strong colour bi-modality observed at z<1.

VANDELS http://vandels.inaf.it/
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NB388	  (37	  Å)	  
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16.7h	   0.8”	   29.8	   0.8”	  
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NB3727	  	  	  	  	  NB387	  
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70	  spectroscopically	  confirmed	  
SFGs	  at	  3.11<z<3.53	  	  	  	  (+	  17	  LAEs	  at	  z≅3.1)	  
in	  clean	  regions	  
(NB	  PSF!)	  
-‐  about	  50%	  of	  the	  sources	  are	  lost	  for	  “cleaning”	  

-‐  V~25,	  mNB~27	  (fesc(LyC)=30%,	  Inoue2014)	  	  
	  	  	  	  	  	  V~27,	  mNB~29	  	  

ground-‐based	  
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(Salmon et al. (2014), Duncan et al. (2014)). The large scatter
that we observe is partly due to noise (in the photometry and
in the derived rest-frame quantities) and partly to a genuine scat-
ter of the M/L ratio in high redshift galaxies, but the relative
weight of the two aspects is however difficult to quantify. We
will discuss further below how this impacts the resulting GSMF.

When compared with previous surveys, our results are
in agreement at bright UV magnitudes, but become pro-
gressively more different at fainter UV luminosities. As we
show in Fig.7, the relations found by Lee et al. (2012) and
González et al. (2011) do not reproduce the slope of the M/L
relation derived here.

Fig. 7. This plot shows the stellar mass versus UV absolute mag-
nitude M1400 for galaxies at 3.5 < z < 4.5 in the GOODS-
South field. The blue solid line is the relation (at 1700 Å rest
frame) found by Lee et al. (2012) for LBGs selected with the
B − V vs V − z colour criterion and a S/N ratio in the z850
band greater than 6. The red solid line represents the relation
as derived by González et al. (2011) at z = 4, for a similar
rest-frame wavelength of 1500Å. The grey triangles show the
M/L relation derived by Stark et al. (2013). The dark-green line
is the best fit to our own results assuming a constant mass-to-
light ratio, or equivalently a slope −0.4 between stellar mass
and absolute magnitude. The orange line is the best fit of
Duncan et al. (2014). All the relations have been converted to a
Salpeter IMF for comparison.Magenta points show galaxies un-
detected in the deep K-band Hawk-I imaging, while green dots
represent objects not detected in 3.6 and 4.5µm in the Spitzer
SEDS imaging.

In particular, the blue solid line in Fig.7 is the relation at
1700 Å rest-frame found by Lee et al. (2012) for LBGs selected
with the B− V vs V − z colour criterion and S/N ratio in the z850
band greater than 6, and this can be seen to be more consistent
with the lower envelope of our data than with our own average
M/L relationship. This also appears to be the case for the rela-
tion derived by González et al. (2011) (red solid line) who also

used samples of LBGs selected at z = 4 (i.e. at a rest-frame
wavelength of 1500Å).

We first tried to reproduce the trend observed by
González et al. (2011) using only LBGs selected via the B−V vs
V−z colour-colour criterion, or fitting the masses with models of
constant star formation histories and/or solar metallicity, but we
find that our data points are always best fitted by a constant M/L
relation. Following the example of McLure et al. (2011), we ex-
plored also synthetic libraries with constant star-formation histo-
ries and no extinction, but the results are similar to our baseline
model, indicating (on average) a constant mass-to-light ratio.

A possible explanation for the differences could be the
fact that the relation between mass and light deduced by
González et al. (2011) (their Fig.1) appears to be driven - and
possibly tilted - by the points at lower masses that are derived
from galaxies that are essentially undetected (S/N ≤ 2) in
the IRAC 3.6µm band. In our case, instead, the estimates at
low luminosity benefit from the combination of the new deep
HUGS Hawk-I K-band photometry (Fontana et al. (2014)) and
the deeper IRAC imaging provided by the SEDS programme
(Ashby et al. 2013), allowing us to improve the mass estimates
for faint (M1400 ∼ −18) galaxies (green and magenta points in
Fig.7).

These differences have obvious consequences for the
form of any GSMF derived from the UV light. Since
González et al. (2011) adopted a M/L relations significantly
steeper than logM ∝ −0.4 × MUV (they adopted logM ∝
−0.68 × MUV ), their inferred stellar masses at very faint UV
luminosities are underestimated by an order-of-magnitude with
respect to the typical values derived from a constant M/L ratio
relation as found here. The resulting GSMFs computed with the
steeper M/L relation are thus inevitably flatter at the faint end
than the ones derived in the present study.

This effect is clearly shown in Fig.8, where our derived
GSMFs are compared with those obtained by converting the UV
luminosity function adopting a non-linear functional form for
the M∗/LUV ratio. In addition to a GSMF taken from the lit-
erature (González et al. (2011), green pentagons) we show also
those obtained from our CANDELS data adopting either the
same M∗/LUV relation as used by González et al. (2011) (green
starred points) or those obtained adopting our own M∗/LUV (red
dots). We note that the González et al. (2011) GSMF has been
corrected for incompleteness and for the estimated scatter in the
M/L relation, and is based on a smaller field, hence its normal-
ization cannot be immediately compared to that of our GSMF
computed using their M∗/LUV relation.

A few results are immediately evident. First, comparing the
GSMF derived using our M∗/LUV relation with the one derived
(from the same data) using the González et al. (2011) relation, it
is clear that the latter yields a GSMF that is flatter and appears to
extend to lower masses, since the relation between UV light and
mass is steeper than the one observed in the CANDELS data, as
shown in Fig.7. At faint magnitudes, the GSMF derived using
our average M∗/LUV relation agrees very well with the GSMF
that we derive from the full sample. We use this agreement to
extend our fiducial GSMF towards even lower masses, namely
to M = 6 × 108 M' at z = 4 and M = 2 × 109 M' at z = 7,
assuming that losses due to incompleteness are minimal. These
additional points have been marked with blue empty circles in
Fig.6.

Another major discrepancy that emerges from Fig.8 con-
cerns the high-mass end of the GSMF: especially at z ( 4,
the GSMF derived from our reference sample extends clearly
to much higher masses than all GSMFs computed with some av-
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	  Santini 2015, Grazian 2015	  

3.5<z<4.5	  sources	  in	  GOODS-‐South	  

-‐22<	  M1400	  <	  -‐20	  
1E+8	  <	  M/M¤	  <	  1E+11	  



(e.g. Mostardi 2013)	


-‐-‐-‐	  1σ	  background	  
-‐.-‐	  	  2σ	  background	  

consistent	  with	  background	  



(e.g. Mostardi 2013)	


-‐-‐-‐	  1σ	  background	  
-‐.-‐	  	  2σ	  background	  

consistent	  with	  background	  



not	  any	  clear	  correla)on	  (sub-‐samples)	  	  

7/8<log(M)<11	  

Results	  and	  implica4ons	   NBs	  with	  
different	  depths	  
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Table 7
Model-dependent Inferred Values for f

LyC
esc

Agec BC03a BPASSb

(yr) Zd ηstars e f
LyC,LBG
esc

f f
LyC,LAE
esc

g ηstars e f
LyC,LBG
esc

f f
LyC,LAE
esc

g

f UV
esc = 0.2

106 0.004 1.98 0.02 0.11 1.33 0.01 0.07
. . . 0.020 1.90 0.02 0.10 1.45 0.02 0.08
107 0.004 3.59 0.04 0.19 2.10 0.02 0.11
. . . 0.020 4.20 0.05 0.23 2.70 0.03 0.15
108 0.004 6.17 0.07 0.33 3.16 0.04 0.17
. . . 0.020 6.38 0.07 0.34 4.43 0.05 0.24

f UV
esc = 0.3

106 0.004 1.98 0.03 0.16 1.33 0.02 0.11
. . . 0.020 1.90 0.03 0.15 1.45 0.02 0.12
107 0.004 3.59 0.06 0.29 2.10 0.04 0.17
. . . 0.020 4.20 0.07 0.34 2.70 0.05 0.22
108 0.004 6.17 0.10 0.50 3.16 0.05 0.26
. . . 0.020 6.38 0.11 0.52 4.43 0.07 0.36

f UV
esc = 1.0

106 0.004 1.98 0.11 0.54 1.33 0.07 0.36
. . . 0.020 1.90 0.11 0.97 1.45 0.08 0.39
107 0.004 3.59 0.20 >1 2.10 0.12 0.57
. . . 0.020 4.20 0.23 >1 2.70 0.15 0.73
108 0.004 6.17 0.34 >1 3.16 0.18 0.85
. . . 0.020 6.38 0.35 >1 4.43 0.25 >1

Notes.
a Stellar population synthesis models of Bruzual & Charlot (2003).
b Stellar population synthesis models of Eldridge & Stanway (2009).
c Time since turn on of constant star formation.
d Metallicity of stellar population.
e Ratio of intrinsic F1600 to FNB3640 predicted by the model.
f Resulting LyC escape fraction for the given UV escape fraction, using ηLBG.
g Resulting LyC escape fraction for the given UV escape fraction, using ηLAE.

interpretation of these surprisingly low values of η is a primary
goal of our ongoing work, which includes HST/UVIS LyC and
UV imaging of many of our NB3640 detections. Better multi-
wavelength constraints on the stellar populations of NB3640-
detected LAEs will also be a key component of determining
their underlying nature.

In Section 5.1 we found an LyC detection rate of ∼8% in
our LBG sample, and ∼12%–15% in our LAE sample. While
it is not clear if the LyC properties of a “typical” z ∼ 3 LBG
or LAE are similar to that of the average system, these rates do
indicate the solid angle over which LyC radiation escapes, at
a level above our detection limit, averaged over all galaxies in
each sample. In Nestor et al. (2011), we proposed a “blow out”
model in which feedback from regions of dense star formation
clears portions of the ISM of gas and dust. When viewed along
favorable sightlines, such regions appear to have large escape
fractions, as we find in our LBGs and LAEs with LyC detections.
Galaxies that either have failed to sufficiently remove their ISM
over a significant solid angle or are viewed along unfavorable
sightlines, will appear to have negligible escape fractions.
The strong LyC-flux upper limits in systems without NB3640
detections, derived from our stacking analysis, are consistent
with this picture. Additionally, in the subsample of our LAEs
having HST imaging,9 we find no significant difference in the

9 The number of LBGs with NB3640 detections and HST imaging is too
small to make meaningful comparisons to the sample of LBGs without
NB3640 detections.

distributions of sizes or surface brightnesses for sources with and
without NB3640 detections. The similarity of these properties
between NB3640 detected and non-detected LAEs is consistent
with a scenario in which viewing angle is a significant factor in
the ability to detect escaping LyC.

7. DISCUSSION AND SUMMARY

Directly studying galaxies in the ionizing continuum is a
difficult endeavor. The dearth of QSOs above z ∼ 3 suggests
that, at high redshift, the ionization balance in the IGM is
maintained by LyC flux escaping from star-forming galaxies.
However, the increasingly opaque IGM makes the detection
of any escaping LyC flux unlikely above z ∼ 3.5 (see, e.g.,
Vanzella et al. 2012). Below z ∼ 2.4, the redshifted Lyman
limit falls below the atmospheric cutoff requiring observations
from space to detect ionizing flux. Current observations at
z ≈ 1.3 sampling rest-frame λ ∼ 700 Å have resulted only
in upper limits to εLyC (Siana et al. 2007, 2010). The non-
detection of LyC emission at z ∼ 1 together with the apparent
need for a galaxy contribution to εLyC at high redshift implies
that εLyC evolves strongly over z ∼ 1–3 (see, e.g., Figure 9
of Nestor et al. 2011; Inoue et al. 2006). We note, however,
that if the average UV to LyC flux-density ratio η is luminosity
dependent, the non-detection of LyC in star-forming galaxies
at z ∼ 1.3 could be due in part to a selection bias, as the
galaxies observed by Siana et al. (2010) are preferentially
bright.
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	  fesc(LyC)	  rela)ve	  to	  the	  intrinsic	  

cSFR,	  3.05<z<3.12	  

fesc	  rel	  (SFGs)	  <	  0.06	  (<0.12)	  	  

70	  spectroscopically	  confirmed	  
SFGs	  at	  3.11<z<3.	  3.53	  	  	  	  (+	  17	  LAEs	  at	  z≅3.1)	  	  
in	  clean	  regions	  (weighted	  mean	  1σ	  error)	  

fesc	  rel	  (LBGs)	  =	  0.05-‐0.08	  
(broad-‐band	  selected,	  zspec)	  
fesc	  rel	  (LAEs)	  =	  0.18-‐0.49	  
(narrow-‐band	  selected,	  zspec)	  
	  
fesc	  rel	  (LBGs)	  <	  0.05	  
(broad-‐band	  selected,	  zspec)	  

(Mostardi 2013, Nestor 2013 z=2-‐3)	

 Keck-‐NB3420	  3σ	  det	  limit	  (PSF=0.7’’)=	  28.7	  
	


(Boutsia 2011, z=3.3)	

LBC-‐U	  3σ	  det	  limit	  (PSF=0.9’’)=	  29.9	  

fesc	  rel	  (LAEs)	  <	  0.90	  	   a	  few!	  faint	  V!	  



-‐  Sample:	  spectroscopically-‐confirmed	  SFGs	  at	  z=3	  in	  ECDFS	  
	   	  	  	  	  HST	  coverage	  at	  least	  in	  2	  bands,	  mul)wavelength	  photometry	  
	   	  	  	  	  SFG:	  -‐22<	  M1400	  <	  -‐19,	  1E+8	  <	  M/M¤	  <	  1E+11	  

	   	  	  	  	  LAEs:	  -‐20<	  M1400	  <	  -‐19,	  1E+8	  <	  M/M¤	  <	  1E+9 	  	  
-‐	  	  	  	  NB	  flux	  is	  measured	  in	  aperture	  ≤	  2	  x	  PSF	  for	  sources	  in	  clean	  regions	  
-‐  Advantage:	  reduce	  source	  confusion	  	  

	   	   	  	  and	  low-‐z	  contamina)on,	  highest	  S/N	  in	  NB	  
	  
	  
	  
-‐  We	  can	  set	  upper	  limits	  on	  fesc(LyC)rel	  <	  0.06	  (0.12)	  
-‐  We	  do	  not	  see	  any	  correla)on	  between	  LyC	  signal	  and	  galaxy	  proper)es	  

-‐  Possible	  reasons:	  	  
	  	  	  	  	  	  LyC	  escape	  is	  low	  on	  average	  in	  a	  sample	  of	  SFGs	  
	  	  	  	  	  	  SFGs	  with	  these	  physical	  proper)es	  are	  not	  LyC	  leakers	  

	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  leak	  less	  than	  NB	  detec)on	  limit	  
	  	  	  	  	  	  no	  special	  line	  of	  sight/not	  enough	  sta)s)cs	  
	  
⇒ cleaning	  
⇒  increasing	  the	  sample	  focusing	  on	  	  
	  	  	  	  	  	  ≤0.8’’	  PSF	  images	  
	   Thanks	


Summary	  

-‐σ	  background	  of	  
the	  shallowest	  NB	  


