
Jeyhan	
  Kartaltepe,	
  Hubble	
  Fellow,	
  NOAO	
  	
  
+	
  the	
  CANDELS	
  Collaboration	
  

	
  
jeyhan@noao.edu,	
  @jeyhan	
  

2013	
  September	
  25	
  
Galaxy	
  Zoo:	
  Evolutionary	
  Paths	
  in	
  Galaxy	
  Morphology	
  

@CANDELS_team	
  
http://candels-­‐collaboration.blogspot.com	
  
	
  



¡  Largest	
  HST	
  Survey	
  (PIs:	
  	
  	
  	
  
S.	
  Faber	
  &	
  H.	
  Ferguson)	
  

¡  NIR	
  imaging	
  of	
  5	
  of	
  the	
  	
  
most	
  commonly	
  studied	
  	
  
deep	
  fields	
  

¡  Deep	
  and	
  wide	
  areas	
  
¡  Imaging	
  is	
  now	
  complete!	
  
¡  Work	
  is	
  ongoing	
  

Deep 
region 

Wide 
region 

ERS 

UDF 

J	
  and	
  H	
  band	
  Coverage	
  of	
  GOODS-­‐S	
  



¡  For	
  galaxies	
  at	
  z~2,	
  deep	
  NIR	
  imaging	
  provides	
  
rest-­‐frame	
  optical	
  structure	
  

¡  With	
  CANDELS	
  WFC3,	
  can	
  look	
  at	
  structure	
  for	
  
large	
  samples	
  at	
  z~2	
  for	
  the	
  first	
  time	
  

¡  Visual	
  Morphology	
  
¡  Quantitative	
  Morphology	
  (see	
  talk	
  by	
  Jen	
  Lotz)	
  

§  GALFIT:	
  Sersic	
  index,	
  B/D,	
  size,	
  etc.	
  
§  Non-­‐parametric	
  measures:	
  Gini,	
  M20,	
  CAS,	
  MID,	
  etc.	
  
§  Use	
  Visual	
  Morphology	
  to	
  calibrate	
  these	
  at	
  high-­‐z	
  



¡  a	
  

ESA	
  Press	
  Release	
  on	
  Lee	
  et	
  al.	
  2013	
  

z	
  ~	
  0	
   z	
  =	
  0.3	
  -­‐	
  0.7	
   z	
  =	
  2.0	
  -­‐	
  2.7	
  



¡  In	
  increasing	
  a	
  galaxy’s	
  SFR	
  
¡  In	
  contributing	
  to	
  the	
  cosmic	
  star	
  formation	
  
history	
  

¡  In	
  fueling	
  AGN	
  
¡  In	
  the	
  morphological	
  transformation	
  of	
  galaxies	
  

§  Forming	
  spheroids	
  

¡  Hints	
  at	
  the	
  changing	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
role	
  of	
  mergers	
  in	
  the	
  	
  
recent	
  literature	
  but	
  	
  
many	
  open	
  questions	
  	
  
remain!	
  



¡  Disk	
  instabilities?	
  
¡  Signatures	
  of	
  
mergers?	
  

¡  More	
  frequent	
  in	
  
higher	
  gas	
  fraction	
  
systems?	
  

¡  Do	
  these	
  clumps	
  
become	
  part	
  of	
  the	
  
bulge?	
  

Wuyts	
  et	
  al.	
  2012	
  



¡  Some	
  objects	
  are	
  
very	
  different	
  in	
  
the	
  optical	
  and	
  
NIR	
  

¡  Many	
  clumpy	
  
irregular	
  systems	
  
look	
  regular	
  in	
  
the	
  IR	
  

¡  Bulges	
  are	
  more	
  
prominent	
  in	
  the	
  
IR	
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¡  Classifying	
  all	
  CANDELS	
  Galaxies	
  to	
  H<24.5	
  
§  3	
  fields	
  complete	
  (GOODS-­‐S,	
  UDS,	
  COSMOS)	
  
§  2	
  remaining	
  (GOODS-­‐N	
  underway)	
  
§  Total	
  of	
  ~50,000	
  galaxies	
  by	
  the	
  end	
  of	
  survey	
  
§  Classifications	
  at	
  multiple	
  depths	
  in	
  deep	
  area	
  
§  Primarily	
  in	
  H-­‐band,	
  use	
  other	
  bands	
  to	
  inform	
  

¡  Multiple	
  classifiers	
  for	
  comparison	
  and	
  statistical	
  
analysis	
  
§  ~3-­‐5	
  people	
  per	
  object	
  
§  ~65	
  classifiers	
  in	
  total	
  

¡  Catalogs	
  to	
  be	
  made	
  public	
  (GOODS-­‐S	
  with	
  Kartaltepe	
  
et	
  al.,	
  in	
  prep)	
  



¡  Two	
  levels	
  
§ Main	
  Morphological	
  Class	
  
▪  NOT	
  mutually	
  exclusive!	
  –	
  can	
  choose	
  more	
  than	
  one	
  

Disks	
  



¡  Two	
  levels	
  
§ Main	
  Morphological	
  Class	
  
▪  NOT	
  mutually	
  exclusive!	
  –	
  can	
  choose	
  more	
  than	
  one	
  

Spheroids	
  



¡  Two	
  levels	
  
§ Main	
  Morphological	
  Class	
  
▪  NOT	
  mutually	
  exclusive!	
  –	
  can	
  choose	
  more	
  than	
  one	
  

Irregular	
  



¡  Two	
  levels	
  
§ Main	
  Morphological	
  Class	
  
▪  NOT	
  mutually	
  exclusive!	
  –	
  can	
  choose	
  more	
  than	
  one	
  

Compact/	
  
Unresolved	
  



¡  Two	
  levels	
  
§ Main	
  Morphological	
  Class	
  
▪  NOT	
  mutually	
  exclusive!	
  –	
  can	
  choose	
  more	
  than	
  one	
  

Unclassifiable	
  



¡  Two	
  levels	
  
§ Main	
  Morphological	
  Class	
  (disk,	
  spheroid,	
  
irregular,	
  point	
  source,	
  unclassifiable)	
  
▪  NOT	
  mutually	
  exclusive!	
  –	
  can	
  choose	
  more	
  than	
  one	
  

§  Interaction	
  Class	
  	
  
▪  Only	
  one	
  choice	
  (or	
  none)	
  

Mergers	
  



¡  Two	
  levels	
  
§ Main	
  Morphological	
  Class	
  (disk,	
  spheroid,	
  
irregular,	
  point	
  source,	
  unclassifiable)	
  
▪  NOT	
  mutually	
  exclusive!	
  –	
  can	
  choose	
  more	
  than	
  one	
  

§  Interaction	
  Class	
  	
  
▪  Only	
  one	
  choice	
  (or	
  none)	
  

Interaction	
  within	
  
Segmentation	
  Map	
  



¡  Two	
  levels	
  
§ Main	
  Morphological	
  Class	
  (disk,	
  spheroid,	
  
irregular,	
  point	
  source,	
  unclassifiable)	
  
▪  NOT	
  mutually	
  exclusive!	
  –	
  can	
  choose	
  more	
  than	
  one	
  

§  Interaction	
  Class	
  	
  
▪  Only	
  one	
  choice	
  (or	
  none)	
  

Interaction	
  Beyond	
  
Segmentation	
  Map	
  



¡  Two	
  levels	
  
§ Main	
  Morphological	
  Class	
  (disk,	
  spheroid,	
  
irregular,	
  point	
  source,	
  unclassifiable)	
  
▪  NOT	
  mutually	
  exclusive!	
  –	
  can	
  choose	
  more	
  than	
  one	
  

§  Interaction	
  Class	
  	
  
▪  Only	
  one	
  choice	
  (or	
  none)	
  

Non-­‐interacting	
  
Companion	
  



¡  Two	
  levels	
  
§ Main	
  Morphological	
  Class	
  (disk,	
  spheroid,	
  
irregular,	
  point	
  source,	
  unclassifiable)	
  
▪  NOT	
  mutually	
  exclusive!	
  –	
  can	
  choose	
  more	
  than	
  one	
  

§  Interaction	
  Class	
  
▪  Only	
  one	
  choice	
  (or	
  none)	
  

¡  Structure	
  flags	
  
§  Tidal	
  arms,	
  double	
  nuclei,	
  asymmetric,	
  spiral	
  
arms,	
  bar,	
  point	
  source	
  contamination,	
  edge-­‐on/
face-­‐on	
  disk,	
  bulge/disk	
  dominated,	
  tadpole,	
  
chain	
  



¡  Two	
  levels	
  
§ Main	
  Morphological	
  Class	
  (disk,	
  spheroid,	
  
irregular,	
  point	
  source,	
  unclassifiable)	
  
▪  NOT	
  mutually	
  exclusive!	
  –	
  can	
  choose	
  more	
  than	
  one	
  

§  Interaction	
  Class	
  
▪  Only	
  one	
  choice	
  (or	
  none)	
  

¡  Structure	
  flags	
  
¡  K-­‐correction	
  flags	
  
¡  Quality	
  flags	
  
¡  Clumpiness	
  flags	
  



¡  Web	
  GUI	
  
§  Designed	
  by	
  
Mark	
  Mozena	
  

¡  ds9/Perl	
  GUI	
  
§  Designed	
  by	
  
Dale	
  Kocevski	
  



	
  Fraction	
  of	
  
galaxies	
  
where	
  >	
  3/5	
  
classifiers	
  
agree	
  

	
  
	
  
	
  This	
  is	
  also	
  
dependent	
  
on	
  the	
  
classification	
  
itself	
  

Kartaltepe	
  et	
  al.	
  in	
  prep.	
  



¡  Different	
  depths	
  
§  Agreement	
  between	
  classifications	
  at	
  2,	
  4,	
  and	
  10	
  
epoch	
  depth	
  is	
  magnitude	
  dependent	
  

§  Small	
  difference	
  at	
  H>24	
  for	
  disks,	
  H>23	
  for	
  spheroids	
  

¡  Relative	
  agreement	
  
§  Agreement	
  among	
  classifiers	
  depends	
  on	
  magnitude	
  
§  Highest	
  agreement	
  for	
  disks	
  and	
  spheroids	
  
§  Lowest	
  agreement	
  for	
  irregulars	
  
▪  Generally	
  more	
  complex	
  morphologies	
  

¡  Most	
  difficult	
  cases	
  



¡  a	
  

Sersic	
  Index	
  

N
um

be
r	
   n=4,	
  de	
  Vaucouleurs	
  Profile	
  

n=1,	
  exponential	
  	
  
Profile	
  

Kartaltepe	
  et	
  al.	
  in	
  prep.	
  



6 Kocevski et al.

Fig. 4.— Fraction of AGN hosts (red triangles) and control galaxies (blue squares) at 1.5 < z < 2.5 assigned to various morphological
and disturbance classes. The Pure Disk class includes only disks without a central bulge. The Pure Disk class is a subsample of the All
Disks class, which includes disks with and without a central bulge. Similarly, the Pure Spheroid class includes only spheroids with no
discernible disk component. The All Spheroids class includes both Pure Spheroids and disk galaxies with a central bulge. The Disturbed
I class is limited to heavily disturbed galaxies in a clear merger or interaction. The Disturbed II class includes galaxies in the Disturbed I
class, as well as those showing even minor asymmetries in their morphologies. See text for details.

are involved in highly disruptive mergers or interactions
and fall in the Disturbed I category. This percentage
is statistically no different than the fraction of similarly
disturbed non-active galaxies (15.5+2.8

−2.2%). If we include
galaxies showing minor asymmetries in their morpholo-
gies and those with double nuclei (i.e., Disturbed II sys-
tems), the fraction of disturbed active galaxies increases
to 44.4+5.9

−5.6%. This is below the percentage of control

galaxies that fall in the same category (48.4+3.4
−3.4%), but

the fractions are again statistically equivalent. In fact,
for all of the distortion classes we considered, the proper-
ties of the AGN hosts are not significantly different than
the non-active sample. This includes the fraction show-
ing clear merger and interaction signatures (see Table
1), those with only a minor asymmetry in their mor-
phology (30.6+4.9

−5.9% for AGNs versus 32.9+3.0
−3.3% for the

control sample, respectively), and the frequency of com-
panions within 1.′′5 (12 kpc projected; 19.4+5.5

−3.8% versus

19.6+3.0
−2.4%).

The most common disturbance class assigned to both
the AGN hosts and control galaxies is Undisturbed, mak-
ing up 55.6+5.6

−5.9% and 52.1+3.3
−3.4% of each population, re-

spectively. This suggests that a majority of the AGN
at z ∼ 2 reside in relatively relaxed galaxies that do
not show even minor disturbances in our H-band imag-
ing. Significantly, these results do not change when we
limit our analysis to the more luminous AGN in the sam-
ple: the Undisturbed fraction is still 46.9+8.7

−8.4% even when
only AGN with LX > 1043 erg s−1 are considered. Fur-
thermore, the fraction of hosts in the Disturbed I and
Disturbed II categories are 18.8+8.7

−5.0% and 53.1+8.4
−8.8%, re-

spectively, and in rough agreement with the percentages
found for the full sample.

6. DISCUSSION

In summary, our primary findings are: i) moderate
luminosity, X-ray selected AGN at z ∼ 2 do not ex-
hibit a significant excess of distorted morphologies rel-
ative to a mass-matched control sample at the same red-
shift; ii) both samples are dominated by systems that
appear relatively relaxed and undisturbed, to the depth
of our imaging; and iii) a large fraction (51.4+5.8

−5.9%) of the
AGN reside in galaxies with discernible disks. Therefore,
based on our visual classifications, we do not find a strong
connection between highly disruptive major mergers and
moderate luminosity AGN activity at z ∼ 2.
If mergers play an important role in triggering AGN

activity, there are two possible effects that have been
discussed in the literature which could help explain the
lack of disturbed morphologies among the AGN hosts.
The first is obscuration; if obscured AGN are preferen-
tially associated with mergers, they may be systemati-
cally missed by X-ray surveys. It is well known that, in
the local universe, gas rich mergers have extremely high
dust column densities, which may be sufficient to hide
even hard X-ray sources deep in the nuclei (Hopkins et
al. 2007). The second is a time delay between the on-
set of AGN activity and the actual merger. If this delay
is of the same order as the relaxation time of the galaxy
(typically ∼few 100 Myr), the most obvious signatures of
morphological disturbance will have faded by the time it
is identified as an X-ray bright AGN (Lotz et al. 2010).
Hydrodynamic simulations of SMBH growth in galaxy
mergers do predict such a delay (Hopkins et al. 2006),
and there is observational evidence for a delay of order
∼250 Myr between starburst and AGN activity (Wild,
Heckman, & Charlot 2010).
While these two effects can help explain the lack of ob-

vious merger signatures among the AGN hosts, the high

¡  Kocevski	
  et	
  al.	
  2012	
  
Morphology	
  of	
  z~2	
  

Moderate	
  Luminosity	
  
X-­‐ray	
  AGN	
  

¡  Kartaltepe	
  et	
  al.	
  2012	
  
Morphology	
  of	
  z~2	
  	
  

ULIRGs	
  



¡  Postage	
  stamps	
  for	
  all	
  galaxies	
  with	
  H<25.5	
  
§  Color	
  jpegs	
  (IJH	
  –	
  consistent	
  for	
  all	
  fields)	
  

¡  GOODS-­‐S,	
  UDS,	
  COSMOS	
  
§  Two	
  depths	
  in	
  	
  

deep	
  area	
  for	
  	
  
comparison	
  

§  Classifications	
  	
  
completed	
  

§  Other	
  fields	
  to	
  be	
  	
  
added	
  soon	
  

¡  Plans	
  to	
  add	
  	
  
CANDELized	
  	
  
simulated	
  galaxies	
  



¡  Large	
  Visual	
  Classification	
  effort	
  within	
  the	
  team	
  
§  3.5/5	
  fields	
  have	
  been	
  classified	
  so	
  far	
  
§  50,000	
  galaxies	
  by	
  the	
  end	
  
§  To	
  be	
  made	
  public,	
  GOODS-­‐S	
  imminently	
  (Kartaltepe	
  et	
  al.,	
  
in	
  prep)	
  

§  Lots	
  of	
  science	
  based	
  on	
  these	
  in	
  progress!	
  

¡  CANDELS	
  and	
  Galaxy	
  Zoo	
  –	
  stay	
  tuned!	
  
¡  For	
  more	
  information	
  about	
  CANDELS,	
  check	
  out	
  our	
  
blog	
  at:	
  http://candels-­‐collaboration.blogspot.com	
  

¡  Twitter:	
  @CANDELS_team	
  


