
Jeyhan'Kartaltepe'(@jeyhan)
Rochester'Institute'of'Technology

COSMOS,'CANDELS,'and'GOODS'Collaborations
2016'August'4'M #galpath16



! Depends'on'the'question…'matter'for'what?
! Contribution'to'cosmic'star'formation?Galaxy pairs in the Sloan Digital Sky Survey – V 553

Figure 2. Offset values for all 1899 galaxies in pairs sample as a function of
projected separation. The top panel shows the SFR offsets, and the bottom
panel shows metallicity offsets. The horizontal black dotted lines indicate
the zero line.

Mhost/Mcompanion > 3.0 are more massive companions in a minor
merger and Mhost/Mcompanion < 0.33 are less massive companions in
a minor merger. Our sample contains 1116 galaxies in major merg-
ers, and 783 in a minor merger, of which 184 are the more massive
companion, and 599 are the less massive companions. The smaller
number of more massive companions in minor mergers is likely due
to the increased probability of high mass galaxies hosting an AGN
(e.g. Kauffmann et al. 2003) and thereby being removed from our
star-forming sample.

The trends in !log(SFR) in major, more massive and less massive
companion subsamples with rp are plotted in the top, middle and
bottom panels of Fig. 4, respectively. Grey background points are
the SFR offsets from Fig. 3 in all panels. Notably, galaxy pairs of
all mass ratios are enhanced relative to the control at all separations.
The shape of the offset versus rp relation seen in Fig. 3 is apparently
driven by the major mergers. This is unsurprising, as major mergers
are generally observed to show the strongest effects (e.g. Woods,
Geller & Barton 2006; Woods & Geller 2007; Ellison et al. 2008b),
and they make up the majority (59 per cent) of our sample.

With the exception of the more massive companion bin at
50 h−1

70 kpc, both the more massive and less massive companions
in a minor merger show relatively flat enhancements at the same
magnitude (∼ 25 per cent enhancement) at wider separations. How-
ever, the innermost bin shows a different response between more
massive and less massive companions in a minor merger. The less
massive companion shows no strong enhancement at small sepa-
rations, distinguishing it from both the more massive companions
and the major mergers, both of which show an increase in the mag-
nitude of the SFR enhancement. More massive companions, on the

Figure 3. All 1899 galaxies in pairs sample. The top panel shows the SFR
offsets, and the bottom panel shows metallicity offsets. Points are median
values for the bin, and error bars are standard error on the median. The
horizontal black dotted lines indicate the zero line.

other hand, show similar enhancement as the major mergers at small
separations, at two times stronger than the control; major pairs are
enhanced by a factor of 1.9. However, as the more massive compan-
ions have the smallest sample, each binned point in Fig. 4 only has
20–30 galaxies. While the use of a median means that we are not
biased by one or two outlying points, the poor number statistics may
result in an anomalously high point due to poor sampling of the total
distribution. A more detailed discussion of the offset distributions
is presented in Section 4.1.

As the significance of the metallicity offsets is much weaker than
that of the SFR offsets, splitting the metallicity offsets into mass
ratio bins does not provide any additional information.

3.2 Visual classifications

If the SFR enhancements and metallicity dilutions are truly being
driven by the tidal interactions of galaxies in pairs, then selecting
a subsample which shows morphological evidence of a recent tidal
interaction ought to amplify the effects seen in Fig. 3 (e.g. Michel-
Dansac et al. 2008; Lambas et al. 2012, which found stronger effects
in a morphologically disturbed subsample). To this end, we select
only those galaxies which show strong tidal arms or other asym-
metries induced by an interaction. Although the pairs sample is
designed to minimize the inclusion of projected pairs, physically
bound galaxy pairs which have not undergone their first pass should
have SFRs and metallicities close to the control, and will weaken
the interaction-triggered signal. Any remaining projected pairs with
low !v values would not be excluded from the sample, and, as
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! Depends'on'the'question…'matter'for'what?
! Contribution'to'cosmic'star'formation?
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Figure 8. Several diagnostics for assessing the metallicity evolution of our fiducial merging system are shown. The top row shows contour plots of the gas density,
with lines indicating the stage of the merger. From top to bottom, the subsequent time series show the galactic nuclear separation, the rate of change of the nuclear
metallicity, nuclear star formation rate, and nuclear gas inflow rate. Pericenter passage and final coalescence are denoted by dashed and dot-dashed lines, respectively.
In general, periods of ongoing nuclear metallicity dilution can be associated with strong nuclear gas inflows, while times of ongoing nuclear metallicity enhancement
are associated with high nuclear star formation rates.
(A color version of this figure is available in the online journal.)

passage. These gas inflows give rise to high nuclear star forma-
tion rates. While these previous points have been studied exten-
sively in other papers (Barnes & Hernquist 1991, 1996; Mihos
& Hernquist 1994b, 1996; Iono et al. 2004), we instead focus
here on the influence that these generic merger properties have
on the evolution of the nuclear metallicity. Specifically, times
of strong gas inflow correspond to periods of nuclear metal-
licity depression, while high star formation activity aligns with

nuclear metallicity enhancement. These qualitative relationships
remain true as the merger parameters are varied.

Previous studies have found that the depression in the nuclear
metallicity is correlated with the mass of gas that migrated to the
nuclear region (Rupke et al. 2010a). This result is reproduced in
our simulations when we neglect star formation (similar to the
red line in Figure 7) and is a clear-cut demonstration of metal-
licity dilution. However, when we also consider contributions

9

The Astrophysical Journal, 746:108 (19pp), 2012 February 10 Torrey et al.

Figure 8. Several diagnostics for assessing the metallicity evolution of our fiducial merging system are shown. The top row shows contour plots of the gas density,
with lines indicating the stage of the merger. From top to bottom, the subsequent time series show the galactic nuclear separation, the rate of change of the nuclear
metallicity, nuclear star formation rate, and nuclear gas inflow rate. Pericenter passage and final coalescence are denoted by dashed and dot-dashed lines, respectively.
In general, periods of ongoing nuclear metallicity dilution can be associated with strong nuclear gas inflows, while times of ongoing nuclear metallicity enhancement
are associated with high nuclear star formation rates.
(A color version of this figure is available in the online journal.)

passage. These gas inflows give rise to high nuclear star forma-
tion rates. While these previous points have been studied exten-
sively in other papers (Barnes & Hernquist 1991, 1996; Mihos
& Hernquist 1994b, 1996; Iono et al. 2004), we instead focus
here on the influence that these generic merger properties have
on the evolution of the nuclear metallicity. Specifically, times
of strong gas inflow correspond to periods of nuclear metal-
licity depression, while high star formation activity aligns with

nuclear metallicity enhancement. These qualitative relationships
remain true as the merger parameters are varied.

Previous studies have found that the depression in the nuclear
metallicity is correlated with the mass of gas that migrated to the
nuclear region (Rupke et al. 2010a). This result is reproduced in
our simulations when we neglect star formation (similar to the
red line in Figure 7) and is a clear-cut demonstration of metal-
licity dilution. However, when we also consider contributions

9

Torrey'et'al.'2012



! Depends'on'the'question…'matter'for'what?
! Contribution'to'cosmic'star'formation?
! Contribution'to'starburst'systems?
! Black'hole'growth?
! Morphological'transformation?
! Quenching?

! How'does'this'change'over'cosmic'time?
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Figure 1. Surface brightness profile shape in the SFR–mass diagram. A “structural main sequence” is clearly present at all observed epochs, and well approximated
by a constant slope of 1 and a zero point that increases with lookback time (white line). While SFGs on the MS are well characterized by exponential disks, quiescent
galaxies at all epochs are better described by de Vaucouleurs profiles. Those galaxies that occupy the tip and upper envelope of the MS also have cuspier light profiles,
intermediate between MS galaxies and red and dead systems.
(A color version of this figure is available in the online journal.)

Table 1
Overview Deep Lookback Surveys

Field Area Filtermorph Image Deptha Sample Depthb N0.5<z<1.5
c N1.5<z<2.5

c

(deg2) (AB mag, 5σ ) (AB mag)

COSMOS 1.480 I814 27.2 25.0 106080 21430
UDS 0.056 H160 26.7 26.7 10443 6796
GOODS-S 0.041 H160 27.0 27.0 7008 3973
GOODS-N 0.042 z850 27.6 26.8 8797 3450

Notes.
a Point-source depth of the image on which the morphological analysis was performed.
b Magnitude (in i, H160, H160, and z850 for COSMOS, UDS, GOODS-S, and GOODS-N, respectively) down to which galaxies
were included in our sample.
c Sample size in the 0.5 < z < 1.5 and 1.5 < z < 2.5 redshift intervals.

be computed reliably, and unbiased by any completeness issues,
based on the objects observed in a given bin of SFR–mass space.

Our final sample comprises 639,924 galaxies at 0.02 < z <
0.2, 132,328 galaxies at 0.5 < z < 1.5, and 35,649 galaxies
at 1.5 < z < 2.5. The relative breakdown in galaxies of
different masses is determined by the depth of the observations,
and the stellar mass function at the respective redshifts. Above
M > 1010 M⊙ our sample counts 53,2131, 31,127, and 8895
galaxies at z ∼ 0.1, z ∼ 1, and z ∼ 2, respectively. Above
M > 1011 M⊙, the numbers drop to 147,922, 2767, and
1059 galaxies at z ∼ 0.1, z ∼ 1, and z ∼ 2, respectively.
An overview of the sample size per field is provided in Table 1.

3. RESULTS ON GALAXY STRUCTURE

3.1. Profile Shape

We start by analyzing the surface brightness profile shape as
a function of position in the SFR–mass diagram in Figure 1.
The three panels show from left to right the z ∼ 0.1, z ∼ 1,
and z ∼ 2 bins, respectively. Instead of indicating the relative
abundance of galaxies in different regions of the diagram, we
use the color-coding to mark the median value of the Sérsic
index n of all galaxies in each [SFR,M] bin. For displaying
purposes, we restrict the range of the color bar to 1 < n < 4,
and assign the same color as n = 1 and n = 4 to bins with
median n < 1 or median n > 4, respectively. The fraction
(fn<1; fn>4) of galaxies lying outside these bounds amounts to

(0.09; 0.24), (0.41; 0.14), and (0.41; 0.16) at z ∼ 0.1, z ∼ 1,
and z ∼ 2, respectively. The fraction of [SFR,M] bins with
median n outside this range is small: (0.02; 0.11) at z ∼ 0.1,
(0.14; 0.15) at z ∼ 1, and (0.11; 0.11) at z ∼ 2. The resulting
diagrams present a remarkably smooth variation in the typical
galaxy profile shape across the diagram. Moreover, despite the
loss of information on number densities, the so-called MS of star
formation is immediately apparent, and its presence persists out
to the highest observed redshifts. This “structural MS” consists
of galaxies with near-exponential profiles (n ≈ 1) and shows a
similar behavior as the conventional “number MS” as identified
on the basis of number densities in the SFR–mass diagram
(e.g., Noeske et al. 2007; Elbaz et al. 2007; Daddi et al. 2007).
Namely, an upward shift of the zero point is observed with
increasing lookback time. At each epoch, the MS in Figure 1
is well approximated by a slope of unity (white line). The
SFR at which the median n reaches a minimum in a mass
slice around log(M) = 10 roughly coincides with the mode
of the log(SFR) distribution in that mass slice, but depending
on the fitting method and sample definition used to weed out
quiescent galaxies, a somewhat shallower slope than unity may
be measured for the “number MS” at the massive end (see, e.g.,
Rodighiero et al. 2010).

Below the structural MS, a cloud of galaxies with cuspy, near
de Vaucouleurs (n ≈ 4) profiles is visible. This population of
massive quiescent galaxies is present at all observed epochs. Our
first and foremost conclusion from Figure 1 is therefore that
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be computed reliably, and unbiased by any completeness issues,
based on the objects observed in a given bin of SFR–mass space.

Our final sample comprises 639,924 galaxies at 0.02 < z <
0.2, 132,328 galaxies at 0.5 < z < 1.5, and 35,649 galaxies
at 1.5 < z < 2.5. The relative breakdown in galaxies of
different masses is determined by the depth of the observations,
and the stellar mass function at the respective redshifts. Above
M > 1010 M⊙ our sample counts 53,2131, 31,127, and 8895
galaxies at z ∼ 0.1, z ∼ 1, and z ∼ 2, respectively. Above
M > 1011 M⊙, the numbers drop to 147,922, 2767, and
1059 galaxies at z ∼ 0.1, z ∼ 1, and z ∼ 2, respectively.
An overview of the sample size per field is provided in Table 1.

3. RESULTS ON GALAXY STRUCTURE

3.1. Profile Shape

We start by analyzing the surface brightness profile shape as
a function of position in the SFR–mass diagram in Figure 1.
The three panels show from left to right the z ∼ 0.1, z ∼ 1,
and z ∼ 2 bins, respectively. Instead of indicating the relative
abundance of galaxies in different regions of the diagram, we
use the color-coding to mark the median value of the Sérsic
index n of all galaxies in each [SFR,M] bin. For displaying
purposes, we restrict the range of the color bar to 1 < n < 4,
and assign the same color as n = 1 and n = 4 to bins with
median n < 1 or median n > 4, respectively. The fraction
(fn<1; fn>4) of galaxies lying outside these bounds amounts to

(0.09; 0.24), (0.41; 0.14), and (0.41; 0.16) at z ∼ 0.1, z ∼ 1,
and z ∼ 2, respectively. The fraction of [SFR,M] bins with
median n outside this range is small: (0.02; 0.11) at z ∼ 0.1,
(0.14; 0.15) at z ∼ 1, and (0.11; 0.11) at z ∼ 2. The resulting
diagrams present a remarkably smooth variation in the typical
galaxy profile shape across the diagram. Moreover, despite the
loss of information on number densities, the so-called MS of star
formation is immediately apparent, and its presence persists out
to the highest observed redshifts. This “structural MS” consists
of galaxies with near-exponential profiles (n ≈ 1) and shows a
similar behavior as the conventional “number MS” as identified
on the basis of number densities in the SFR–mass diagram
(e.g., Noeske et al. 2007; Elbaz et al. 2007; Daddi et al. 2007).
Namely, an upward shift of the zero point is observed with
increasing lookback time. At each epoch, the MS in Figure 1
is well approximated by a slope of unity (white line). The
SFR at which the median n reaches a minimum in a mass
slice around log(M) = 10 roughly coincides with the mode
of the log(SFR) distribution in that mass slice, but depending
on the fitting method and sample definition used to weed out
quiescent galaxies, a somewhat shallower slope than unity may
be measured for the “number MS” at the massive end (see, e.g.,
Rodighiero et al. 2010).

Below the structural MS, a cloud of galaxies with cuspy, near
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! Low'surface'brightness'features'are'hard'to'see
! Other'causes'of'
disturbed'morphology
! Disk'instabilities?

! Minor'mergers?
! Ability'to'identify
merger'signatures'
quantified'by'
Hung'et'al.'2014

Hibbard'&'Vacca 1997



! Clear'Merger'Signatures
! Tidal'tails
! Double'nuclei
! Pairs'(need'redshift'information!)

! Tantalizing'Suggestions
! Train'wrecks'(assumed'to'be'mergers)
! Disturbed'systems
! Slight'Asymmetries'(minor'mergers?)

! Unclear?
! Irregular'systems'/'Diffuse'blobs

! Post'mergers?



! BzK galaxies
! Submillimeter'galaxies
! Luminous'Infrared'Galaxies

! Early'studies'contained'a'mix'of'sources
! Some'were'mergers,'some'not



Main'Sequence'(MS)'
from'Elbaz et'al.'2011MS'x3

Kartaltepe'et'al.'2012
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Figure 7. Six panels show the percentage of merger+major interacting pair, spheroid only, non-interacting disk, non-interacting pair, unclassifiable, and minor
interacting pair. Each LIR and M∗ bin adds up to 100% in all six panels. The letters in the brackets correspond to the morphology classification results indicated in
Figures 8–11. The numbers in the bottom right corner of each panel indicate the numbers of galaxies of each category. The increasing trend with LIR seen in the top
left panel shows similar information as the top panel in Figure 6 since the dependence of the interaction fraction on M∗ is small. The blue dashed line in each panel is
the SFR–M∗ relation at the median redshift (z = 0.7) of the entire sample, and the corresponding error bar in the top left panel indicates the dispersion of the SFR–M∗
relation within z = 0.7 ± 0.2 redshift range.
(A color version of this figure is available in the online journal.)

rest-frame V, B, and U bands, and we focus on investigating
how galaxy morphologies vary with their intrinsic properties
(LIR, M∗, and the location on the SFR–M∗ relation) in each
redshift bin. Within individual redshift bins, any morpholog-
ical trend does not vary strongly with redshift. The impact
from band shifting on our conclusions should only be signif-
icant if the band-shifting effects are strongly correlated with LIR
and M∗.

5. DISCUSSION

5.1. The Role of Interaction in the SFR–M∗ Relation

By investigating the morphological properties of 2084
Herschel-detected galaxies at 0.2 < z < 1.5, we can address
two important issues about high-z star-forming and starburst
galaxies. (1) How do galaxy morphologies (which hint at the
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! Deep'Herschel(coverage'of'both'GOODS'fields
and'UDS'+'COSMOS

! PACS'+'SPIRE'(100'– 500'µm)'imaging
! Deep'enough'to'reach'typical'star'
forming'galaxies'at'z~2'(~”MS”)
GOODSMN GOODSMS

COSMOS

UDS



Wide'area'essential'for'rare,'most'luminous'sources

GOODS+CANDELS+Herschel+ COSMOS+Sample+–+This+Proposal+

HST'GOM13657

GOODS+CANDELS'Herschel''''''''''''''''''' Full'Area'of'COSMOS'



1110'
galaxies'
over'all!

~750'
ULIRGs



! Classifying'all'CANDELS'Galaxies'to'H<24.5
! 4'fields'complete'(UDS,'GOODSMS,'COSMOS,'GOODSMN)
! Last'one'(EGS)'being'completed'right'now
! Total'of'~50,000'galaxies

! Multiple'classifiers'for'comparison'and'statistical'analysis
! ~3M5'people'per'object
! ~70'classifiers'in'total

! Automated'classifications'for'comparison
! GALFIT,'Gini,'M20,'Asymemetry,'etc.

! Catalogs'to'be'made'public'(GOODSMS'already'is,'
Kartaltepe'et'al.'2015)
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! Largest'sample'of'z~2'IR'galaxies'with'restMframe'
optical'morphologies

! Large'numbers'+'dynamic'range'in'LIR needed'to'see'
trends

! Strong'trend'of'morphologies'with'IR'luminosity
! Fraction'of'mergers'increases'(>50%'of'ULIRGs/HyLIRGs)
! Fraction'of'disks'decreases'(from'~50%'to'~5%)
! Compact/point'sources:'20M40%'at'high'LIR end

! “Starburst”'systems'vastly'dominated by'
interactions'and'mergers,'few'disks


