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IntroducAon	
  
The	
  ALHAMBRA	
  (Advance	
  Large	
  Homogeneous	
  Area	
  Medium	
  Band	
  RedshiB	
  
Astronomical)	
  survey	
  (Moles	
  et	
  al.	
  2008)	
  has	
  imaged	
  a	
  total	
  area	
  of	
  3.5	
  deg2	
  
among	
  eight	
  separated	
  regions	
  of	
  the	
  sky,	
  including	
  sec:ons	
  of	
  the	
  COSMOS,	
  
DEEP2,	
  ELAIS,	
  GOODS-­‐N,	
  SDSS	
  and	
  Groth	
  fields.	
  Observa:ons	
  have	
  been	
  
carried	
  out	
  on	
  the	
  3.5m	
  telescope	
  on	
  the	
  Calar	
  Alto	
  Observatory	
  (CAHA,	
  Spain)	
  
making	
  use	
  of	
  the	
  two	
  wide-­‐field	
  imagers	
  in	
  the	
  op:cal	
  (LAICA)	
  and	
  in	
  the	
  NIR	
  
(Omega-­‐2000),	
  up	
  to	
  reach	
  a	
  total	
  on-­‐target	
  integra:on	
  :me	
  of	
  ∼27.8hrs	
  for	
  
medium-­‐band	
  filters	
  and	
  ∼4.2hrs	
  for	
  broadband	
  Near	
  Infrared	
  (NIR)	
  filters.	
  	
  
The	
  photometric	
  system,	
  covering	
  the	
  whole	
  op:cal	
  range	
  (3500A	
  ̊	
  to	
  9700A	
  ̊)	
  
with	
  20	
  con:guous,	
  equal-­‐width,	
  non	
  overlapping,	
  medium-­‐band	
  filters	
  along	
  
with	
  the	
  standard	
  JHKs	
  NIR	
  bands,	
  has	
  been	
  specifically	
  designed	
  to	
  op:mize	
  
photometric	
  redshiB	
  depth	
  and	
  accuracy	
  (Benítez	
  et	
  al.	
  2009b,	
  Aparicio-­‐
Villegas	
  et	
  al.	
  2010),	
  while	
  keeping	
  the	
  capability	
  of	
  detec:ng	
  and	
  iden:fying	
  
rela:vely	
  faint	
  emission	
  lines	
  (Bongiovanni	
  et	
  al.	
  2010,	
  Matute	
  et	
  al.	
  2012).	
  

Bayesian	
  Photometric	
  Redshi;s	
  

Zeropoint	
  auto-­‐calibraAon	
  
We	
   realized	
   that	
   the	
   photometric	
   redshiBs	
   obtained	
   for	
   emission	
   line	
   galaxies	
   were	
   quite	
  
robust	
  to	
  changes	
  in	
  the	
  zeropoint	
  calibra:on	
  and	
  therefore	
  we	
  could	
  treat	
  those	
  redshiBs	
  as	
  
spectroscopic	
   for	
   calibra:on	
   purposes,	
   obtaining	
   an	
   automa:c	
   and	
   self-­‐contained	
   zeropoint	
  
correc:on	
  for	
  all	
  our	
  fields.	
  Figures	
  show	
  the	
  photometric	
  redshiB	
  accuracy	
  when	
  using	
  three	
  
different	
   calibra:on	
   methods:	
   the	
   original	
   zeropoints	
   (red	
   line),	
   correc:ons	
   derived	
   from	
  
photo-­‐z	
   (blue	
   line)	
   and	
   correc:ons	
   from	
   spectroscopic	
   redshiBs	
   (green	
   line).	
   The	
   results	
  
indicate	
  that	
  the	
  methodology	
  presented	
  here	
  successfully	
  improved	
  the	
  photometric	
  redshiBs	
  
accuracy	
  al-­‐sample,	
  and	
  it	
  also	
  drama:cally	
  reduces	
  the	
  frac:on	
  of	
  catastrophic	
  outliers	
  	
  

BPZ	
  (Benítez	
  2000)	
   is	
  a	
  SED-­‐figng	
  method	
  op:mized	
  to	
  compute	
  accurate	
  photometric	
  redshiBs.	
  Unlike	
  most	
  similar	
  
codes,	
  BPZ	
  in-­‐	
  troduces	
  the	
  use	
  of	
  a	
  Bayesian	
  inference	
  where	
  a	
  maximum	
  like-­‐	
  lihood	
  (resul:ng	
  from	
  a	
  χ2	
  minimiza:on	
  
between	
  the	
  observed	
  and	
  predicted	
  colors	
  for	
  a	
  galaxy,	
  among	
  a	
  range	
  of	
  redshiBs	
  and	
  templates)	
   is	
  weighted	
  by	
  a	
  
prior	
   probability.	
  We	
   used	
   a	
   new	
   prior	
   of	
   BPZ	
   (Benítez	
   2013,	
   in	
   prep.)	
   which	
   gives	
   the	
   probability	
   of	
   a	
   galaxy	
  with	
  
apparent	
  magnitude	
  m0	
  of	
  having	
  a	
  certain	
  redshiB	
  z	
  and	
  spectral-­‐type	
  T	
   ,	
  empirically	
  derived	
  for	
  each	
  spectral-­‐type	
  
and	
  magnitude	
  by	
  figng	
  luminosity	
  func:ons	
  provided	
  by	
  GOODS-­‐	
  MUSIC	
  (San:ni	
  et	
  al.	
  2009),	
  COSMOS	
  (Scoville	
  et	
  al.	
  
2007)	
  and	
  UDF	
  (Coe	
  et	
  al.2006).	
  As	
  the	
  resul:ng	
  p(z,T)	
  is	
  usually	
  a	
  mul:modal	
  distribu:on	
  (with	
  more	
  than	
  one	
  possible	
  
peak	
  given	
   the	
   color-­‐redshiB	
  degeneracies)	
   the	
   inclusion	
  of	
   any	
  prior	
   informa:on	
   in	
   the	
  analysis	
   serves	
   to	
  eliminate	
  
unrealis:c	
  solu:ons	
  reducing	
  the	
  number	
  of	
  catastrophic	
  outliers.	
  BPZ	
  uses	
  a	
  new	
  library	
  (Benítez	
  2013)	
  composed	
  by	
  
five	
   SED	
   templates	
  originally	
  drawn	
   from	
  PEGASE	
   (Fioc	
  &	
  Rocca-­‐	
  Volmerange	
  1997)	
  but	
   then	
   re-­‐calibrated	
  using	
   the	
  
FIREWORKS	
  photometry	
  and	
  spectroscopic	
  redshiBs	
  (Wuyts	
  et	
  al.	
  2008)	
  to	
  op:-­‐	
  mize	
  its	
  performance,	
  i.e.,	
  making	
  the	
  
templates	
  to	
  have	
  same	
  col-­‐	
  ors	
  as	
  real	
  galaxies	
  with	
  known	
  redshiBs	
  observed	
  with	
  ACS.	
  In	
  ad-­‐	
  di:on	
  five	
  GRASIL	
  and	
  
one	
  Starburst	
  templates	
  have	
  been	
  added.	
  This	
  new	
  library	
  includes	
  five	
  templates	
  for	
  ellip:cal	
  galaxies,	
  two	
  for	
  spiral	
  
galaxies	
  and	
  four	
   for	
  starburst	
  galaxies	
  along	
  with	
  emission	
   lines	
  and	
  dust	
  ex:nc:on.	
  The	
  opacity	
  of	
   the	
   intergalac:c	
  
medium	
  was	
  applied	
  as	
  described	
  in	
  Madau	
  et	
  al.	
  (1995).	
  An	
  example	
  of	
  the	
  typical	
  spectral-­‐figng	
  using	
  the	
  ALHAMBRA	
  
photometry	
  is	
  shown	
  in	
  the	
  figure.	
  	
  
In	
  this	
  work,	
  we	
  present	
  photometric	
  redshiBs	
  for	
  ∼440,000	
  galaxies.	
  When	
  compared	
  with	
  a	
  sample	
  of	
  ~7000	
  galaxies	
  
with	
  spectroscopic	
  redshiBs,	
  our	
  photometric	
  redshiBs	
  have	
  a	
  precision	
  of	
  δz/(1+zs)=1%	
  for	
  I<22.5	
  and	
  δz/(1+zs)=1.4%	
  
for	
  22.5<I<24.5.	
  Precisions	
  of	
  δz	
  /(1+zs)<	
  0.5%	
  are	
   reached	
   for	
  about	
  30%	
  of	
   the	
  spectroscopic	
   sample,	
   showing	
   the	
  
poten:al	
  of	
  medium-­‐band	
  photometric	
  surveys.	
  

Redshi;	
  Probability	
  DistribuAon	
  FuncAon	
  &	
  the	
  Cosmic	
  Variance	
  

In	
  order	
  to	
  study	
  the	
  cosmic	
  variance	
  across	
  the	
  fields	
  and	
  compare	
   it	
  with	
  other	
  surveys,we	
  ran	
  
BPZ	
   on	
   the	
   photometric	
   catalogue	
   used	
   by	
   Ilbert	
   et	
   al.	
   (2009)	
   to	
   derive	
   the	
   global	
   redshiB	
  
probability	
  distribu:on	
  func:on	
  P(z)	
  for	
  the	
  COSMOS	
  field.	
  We	
  ini:ally	
  compared	
  the	
  P(z)	
  derived	
  
using	
  the	
  ALHAMBRA-­‐4	
  data	
  (red	
  line)	
  with	
  the	
  P	
  (z)	
  derived	
  us-­‐	
  ing	
  the	
  COSMOS	
  data	
  (blue	
  line),	
  
where	
   both	
   distribu:ons	
   consistently	
   reproduce	
   a	
   double	
   peak	
   at	
   redshiBs	
   z∼0.3	
   and	
   z∼0.9,	
  
respec:vely.	
  However,	
  whereas	
  the	
  ALHAMBRA-­‐4	
  field	
  shows	
  a	
  mean	
  redshiB	
  ⟨z⟩	
  =	
  0.60	
  for	
  F814W	
  
<	
  22.5	
  and	
   ⟨z⟩	
   =	
  0.87	
   for	
   F814W	
  <	
  25.5,	
   the	
  COSMOS	
  field	
   shows	
  a	
  mean	
   redshiB	
   ⟨z⟩	
   =	
  0.66	
   for	
  
F814W	
   <	
   22.5	
   and	
   ⟨z⟩	
   =	
   0.96	
   for	
   F814W<25.5.	
   Meanwhile	
   the	
   global	
   photometric	
   redshiB	
  
distribu:on	
  derived	
  for	
  all	
  the	
  seven	
  ALHAMBRA	
  fields	
  (excluding	
  stars)	
  shows	
  a	
  mean	
  redshiB	
  ⟨z⟩	
  =	
  
0.56	
  for	
  F814W<22.5	
  and	
  ⟨z⟩	
  =	
  0.85	
  for	
  F814W	
  <	
  25.5.	
  This	
  result	
  indicates	
  that	
  the	
  COSMOS	
  field	
  
shows	
   a	
   clear	
   over-­‐density	
   with	
   respect	
   to	
   the	
   mean	
   value	
   de-­‐	
   rived	
   averaging	
   the	
   seven	
  
ALHAMBRA	
  fields.	
  In	
  fact,	
  the	
  average	
  galaxy	
  number	
  in	
  COSMOS	
  goes	
  up	
  by	
  a	
  60%	
  between	
  z=0.4	
  
and	
  z=0.7,	
  whereas	
  no	
  such	
  effect	
  is	
  observed	
  in	
  our	
  average.	
  	
  
	
  
We	
   derived	
   the	
   averaged	
   redshiB	
   probability	
   distribu:on	
   func:on	
   for	
   the	
   ALHAMBRA	
   fields,	
   to	
  
study	
   its	
   evolu:on	
   as	
   a	
   func:on	
   of	
   the	
   magnitude	
   F814W	
   and	
   redshiB.	
   The	
   solid	
   red	
   line	
  
corresponding	
   to	
   the	
   ⟨z⟩	
   distribu:on	
   (per	
   bins	
   of	
   0.5	
   mags)	
   indicates	
   a	
   clear	
   evolu:on	
   effect	
  
moving	
   from	
   a	
   ⟨z⟩∼0.2	
   for	
   F814W<20.5	
   to	
   a	
   ⟨z⟩∼0.8	
   for	
   F814W>23.0.	
   Inversely,	
   the	
   peak	
   of	
   the	
  
averaged	
  distribu:on	
  of	
  galaxies	
  increases	
  as	
  a	
  func:on	
  of	
  the	
  z	
  for	
  different	
  ranges	
  in	
  magnitude.	
  	
  

Considering	
   the	
   probabilis:c	
   nature	
   of	
   the	
   photometric	
   redshiB	
  
es:ma:ons,	
   instead	
  of	
   relying	
  on	
   the	
  most	
   likely	
   solu:on	
   (given	
  
by	
  any	
  point	
  es:mate)	
  it	
  is	
  desirable	
  to	
  make	
  use	
  of	
  the	
  complete	
  
informa:on	
  yielded	
  by	
  the	
  Probab.	
  Distrib.	
  Func:ons	
  	
  P(z,	
  T|C)	
  	
  

SyntheAc	
  F814W	
  images	
  

Y-­‐axis	
  

PSF-­‐Photometry	
  
To	
   define	
   a	
   constant	
   and	
   homogeneous	
   window	
   for	
   all	
  
ALHAMBRA	
  fields,	
  we	
  generated	
  synthe:c	
  F814W	
  images	
  
as	
   the	
   combina:on	
   of	
   individual	
   bands.	
   To	
   properly	
  
calculate	
  the	
  color	
  transforma:ons	
  we	
  used	
  a	
  popula:on	
  
of	
   galaxies	
   with	
   typical	
   z,	
   magnitude	
   and	
   spectral-­‐type	
  
and	
   solved	
   the	
   system	
   of	
   equa:ons	
   generated	
   when	
  
es:ma:ng	
   the	
   correspondence	
   between	
   sythe:c	
  
magnitudes	
   among	
   the	
   different	
   filters.	
   To	
   verify	
   the	
  
calibra:on	
  of	
  the	
  synthe:c	
  F814W	
  images,	
  we	
  performed	
  
a	
   photometric	
   comparison	
   with	
   the	
   COSMOS	
   field.	
   To	
  
reproduce	
   the	
   same	
   photometric	
   measurements	
   as	
   in	
  
(Ilbert	
  et	
  al.	
  2009),	
  we	
  ran	
  SExtractor	
  using	
  fixed	
  circular	
  
apertures	
   of	
   3”.	
  We	
   retrieved	
   ∼10800	
   common	
   sources	
  
with	
   ALHAMBRA	
   compresing	
   magnitudes	
   from	
  
19<F814W<25.5.	
   Photometric	
   zp	
   offsets	
   or	
   trends	
   with	
  
magn.	
  down	
  to	
  F814W<23.5	
  were	
  not	
  observed.	
  

To	
   perform	
   good	
   quality	
   mul:-­‐color	
   photometry,	
   it	
   is	
   necesary	
   o	
  
sample	
   the	
   same	
   region	
   of	
   the	
   galaxy	
   and	
   to	
   take	
   into	
   account	
   the	
  
smearing	
  produced	
  by	
  different	
  PSFs.	
  The	
  distribu:on	
  of	
  PSFs	
   in	
   the	
  
ALHAMBRA	
  survey	
  compresses	
  values	
  from	
  0.7”	
  to	
  1.6”.	
  We	
  relied	
  on	
  
ColorPro	
   (Coe	
   et	
   al.	
   2006)	
   to	
   derive	
   accurate	
   PSF-­‐corrected	
  
photometry	
  without	
  degrading	
  high	
  quality	
  images.	
  PSF-­‐models	
  were	
  
carefully	
  generated	
  for	
  every	
  image.	
  We	
  designed	
  a	
  set	
  of	
  simula:ons	
  
to	
  test	
  the	
  accuracy	
  of	
  ColorPro	
  retrieving	
  precise	
  photometry	
  across	
  
images	
   with	
   varied	
   PSF.	
   We	
   found	
   a	
   dispersion	
   below	
   of	
   3%	
   for	
  
magnitudes	
  brighter	
  than	
  F814W=23.0,	
  and	
  5%	
  for	
  F814W=24.5	
  	
  
	
  
	
  
	
  


