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ABSTRACT

Submillimeter-detected galaxies located at redshiftsl host a major fraction of the bolometric luminosity
at high redshifts due to thermal emission from heated dust grains, yet the nature of these objects remains a
mystery. The major problem in understanding their origin is whether the dust-heating mechanism is predominantly
caused by star formation or active galactic nuclei and what triggered this activity. We address this issue by
examining the structures of 11 submillimeter galaxies imaged with STIS onithble Space Telescope. We
argue that~61% = 21% of these submillimeter sources are undergoing an active major merger using the CAS
(concentration, asymmetry, clumpiness) quantitative morphological system. We rule~&ut apnfidence that
these submillimeter galaxies are normal Hubble types at high redshift. This merger fraction appears to be higher
than for Lyman break galaxies undergoing mergers at similar redshifts. Using reasonable constraints on the stellar
masses of Lyman break galaxies and these submillimeter sources, we further argue that at redghifts ,
systems with high stellar masses are more likely than lower mass galaxies to be involved in major mergers.

Subject headings. galaxies: evolution — galaxies: formation — galaxies: high-redshift — galaxies: interactions

1. INTRODUCTION 2001; Chapman et al. 2002b). On the basis of our analysis we
conclude that 40%—-80% of these submm sources are consistent

Faint submillimeter (submm) galaxies were discovered with With undergoing major mergers and statistically rule out at
the first generation of multielement detecting devices working 5 o confidence that these systems are normal galaxies at high
at submm wavelengths, most notably the SCUBA array (Smail, 'edshift. We further demonstrate, through comparisons with
Ivison, & Blain 1997). The nature of these galaxies has however artificially redshifted nearby ULIRGs and normal (non-ULIRG)
remained a mystery, despite a considerable amount of observgalaxies, that high-redshift submm galaxies appear qualitatively
ing time spent obtaining300 detections in the field and behind  Similar to ULIRGs and are potentially forming into massive
lensing clusters (Blain et al. 2002). The generally accepted SPheroids.
working idea is that these submm galaxies are distant
systems that emit in the rest-frame far-infrared due to thermal 2. IMAGING AND ANALYSIS METHOD

emission from dust grains heated by star formation and/or ac- - oyr sample consists of 11 submm sources selected in the
tive galactic nuclei (AGNs). These objects are also thought 10 ;4. The full sample selection for these galaxies is described
be analogs of nearby ultraluminous infrared galaxies (ULIRGs), jp Chapman et al. (2003b). Although there are some selection
although it is debated whether the heating is by the UV con- jssyes, these objects were not chosen on the basis of optical
tinuum of massive stars or an active nucleus. As submm ga"properties, and they span a wide range of optical magnitudes
axies are 400 times more commorzat2  thaa&t0 , they (Chapman et al. 2003b). Each of the submm sources (Fig. 1)
constitute a significant fraction of the bolometric luminosity e study was imaged in the 50CD clear filter in one to three
density at high redshift (Chapman et al. 2003a); thus under-orpjts, in two separate exposures per orbit, resulting in a total
standing their origin and relationship to nearby galaxies is of exposure time of 1-3 ks (see Chapman et al. 2003b for further
central importance. _ _ details).

Answering fundamental questions concerning submm gal-  \we analyzed these images using the CAS (concentration,
axies by studying them at multiple wavelengths has rema‘”e‘jasymmetry, and clumpiness) morphological system (Conselice
very difficult b_ecause of the low-resolution of _SCUBA and 2003). In the CAS system, the asymmetry indéy i used
other submm instruments. One approach to this problem hasg getermine whether a galaxy is involved in a major merger
been to identify submm galaxies through their emission in the (Conselice et al. 2000a, 2000b, 2003; Conselice 2003). The
radio (lvison et al. 1998; Chapman et al. 2002a), utilizing the ya|ye ofA is calculated by rotating a galaxy through 18md
fact that submm/far-infrared luminosities co_rreIaFe m_nearby subtracting this rotated galaxy from the original and comparing
galaxies (Helou et al. 1985). Through these identifications, we the absolute value of the residuals of this subtraction to the
are able to determine submm source positions to within a SU-griginal galaxy flux (Conselice et al. 2000b). We placed our
barcsecond, from which optical follow-up can be done. A sub- jnitial guess for the center on the brightest portion of each
set of these submm galaxies whose positions were located using ,pmm galaxy and ran the CAS program to determine their
the radio have been imaged with thh’,lbb|e a)ace TeIESCOpe asymmetries and ||ght concentrations.
using STIS (see also a companion paper, Chapman et al. To ynderstand the systematics that are due to a lowered
2003b). Previous studies have been largely qualitative and oftenyeso|ution and signal-to-noise ratio, we artificially redshifted
contain misidentifications (e.g., Smail et al. 1998; Ivison et al. g nearby ULIRGs (from Farrah et al. 2001 and Conselice

2003) and 82 normal Hubble types (Frei et al. 1996; Conselice
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Fic. 1.—Montage images of the 12 submm galaxies imaged with STIS oHuhble Space Telescope. In this Letter, we examine the quantitative morphological
properties of all but one of these systems whose structure is too faint for an analysis.

galaxy to how it would appear at high redshifts. The amount selice et al. 2000c; Surace & Sanders 2000). Figurearil

of noise matching that expected in the STIS observations is2d show the location of the submm galaxies in reference to
then added in. Once these new images are created, on the basike actualC-A values found for nearby normal galaxies, in-
of these simulations, we remeasure the CAS parameters of theluding separately labeled elliptical galaxies and ULIRGs.
simulated galaxies, in the same manner as for the original We can use Figure 2 to determine which population the
submm sources. Note that we are taking a very conservativesubmm galaxies are most similar to morphologically. As can
approach by including these two types of nearby galaxies tobe seen in Figure 2, the dominant morphological feature of the
account for redshift effects. The apparent morphology of the submm galaxies is their high asymmetries. The distribution of
submm sources is very peculiar, and therefore the likewisethe submm sources i6-A space is also most similar to the
peculiar nearby ULIRGs are a better population for making ULIRGs and does not overlap much with any normal galaxy
this correction. Normal galaxies also do not become signifi- type. Using the major merger criteria calibrated in Conselice
cantly more irregular in the rest-frame ultraviolet (Windhorst (2003), on the basis of nearby ULIRGs, we find that a galaxy
et al. 2002). We use the nearby normal sample as an extremés likely a major merger ifA>A, ... = 0.35. Using the

lower limit to what these corrections could be. ULIRG z~ 2 correction, we find that the merger fraction for
the submm sources is 0.82, which is the same fraction found
3. RESULTS when correcting by the~3 simulations. The normal galaxy

correction still reveals a large merger fraction~df.4, which
is certainly a lower limit to the actual fraction of galaxies
Concentration-asymmetry diagrams (e.g., Conselice et al.involved in mergers. This lower limit is as high as the largest
2000a; Bershady, Jagren, & Conselice 2000) for our samplemerger fractions found for any Lyman break galaxy population
of submm galaxies are shown in Figure 2. The asymmetry and(Conselice et al. 2003) (§ 3.2).
concentration values for these galaxies have been corrected for There are naturally uncertainties in this merger fraction cal-
redshift effects assuming that they have morphologies intrin- culation. First, the sample size is small, only 11 galaxies. Sec-
sically similar to ULIRGs (Figs. 2and Z) and nearby normal  ond, it is based on a correction that necessarily has some un-
galaxies (Figs. B and 2) (Conselice et al. 2000b). We also certainty in it, since the submm galaxies may be a mix of normal
plot in Figures 2 and 2 the average values andrvariations and merger/ULIRG systems. To circumvent this problem we
of measured concentrations and asymmetries for nearby galaxyerformed a series of Monte Carlo simulations using our normal
populations, including ULIRGs, as observed in the rest-frame and ULIRG galaxy samples after they were simulated to
optical (Conselice 2003). Although we view these submm gal- 2. Sources of error accounted for in this simulation are our
axies in the near- to mid-UV, the morphological appearance of small sample size, resolution, surface brightness dimming,
ULIRGs and other star-forming galaxies does not significantly noise from STIS, and background light, as well as the range
differ between optical and near-UV wavelengths (e.g., Con- in possible intrinsic morphology. To carry out these simulations

3.1. Evidence for a Merger Origin
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Fic. 2.—Concentration-asymmetrZ{A) diagram for the submm galaxies studied in this paper. The triangles show the locations of the submm sources on these
diagrams afterg, c) correcting their measured values using 0 ULIRGs simulatezi02 nd) correcting values using~ 0 normal galaxies simulated
to z~ 2. The various crosses im,(b) show where average nearby galaxy populations fall in this space and themriations. Plotted ind, d) are the individual
C-A values for nearby ULIRGs and normal galaxies, with the elliptical galaxies shown as circles. The horizontal dashed line is the asymmetry limit for maj
mergers, such that a galaxy is likely undergoing a mergérsifA, ... = 0.35

we take 11 objects at random from the ULIRG and normal of our submm sample. From this it appears that the submm
galaxy distributions and compare their asymmetry distributions galaxies are actively undergoing mergers in a greater abundance
to those of the submm sources. Doing this, we find at 5 than Lyman break galaxies. This may be the result of higher
confidence that normal galaxieszat+ 2  cannot reproduce themass systems undergoing more mergers at higher redshifts (Fig.
high asymmetries of the submm sources through a comparisor8). Submm galaxies as a population appear to be dominated
of their resulting mear values. The simulated ULIRGs are by systems involved in major mergers, while the Lyman break
also slightly less asymmetric than the submm sources but havegalaxies are more likely to be in various phases of evolution.
asymmetry values distributions consistent to within ¢.9 In Figure 3 we plot the merger fraction of the submm sources
at a stellar mass af0** M, . This estimate is likely roughly

3.2. Submm and Lyman Break Galaxies correct as submm galaxies have dynamical and gas masses
greater tharl0'* M, (e.g., Frayer et al. 1998).

The implied merger fraction of these submm galaxies appears
to be slightly larger than what is found for UV-bright galaxies : - e ;
in the Hubble Deep Field (HDF) (Conselice et al. 2003) at 3.3. Comparison to 2 ~ 0 Galaxes: ULIRGs and Spheroids
similar redshifts. Lyman break galaxieszat 2.5 found inthe  Although we are in the regime of small number statistics,
HDF all have implied merger fractions lower than our derived we can argue that the submm galaxies are similar to nearby
submm values (Conselice et al. 2003). For example, UV-bright ULIRGs in terms of their structural properties, in addition to
galaxies a2 <z< 3 with magnitudeldl; < —20 and stellar their already well-established similarities in producing rest-
masses greater thdi®®*M,  have a merger fraction(o18 frame far-infrared light (e.g., Dey et al. 1999). We have already
(Fig. 3). The brightest and most massive galaxies seen in theargued this through the high asymmetries and implied high
HDF, withMg < —21 andM, > 10*° M, , have merger fractions merger fraction for the submm galaxies and the low probability
of ~0.4-0.5, which is lower than the implied merger fractions that these submm sources are morphological similar to normal
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0.8 — ®= Lyman-break galaxies —
A = Sub-mm galaxies

0.6 — A
i ? ] Fic. 4.—Nearby ULIRGs az~ 0.1 , and images of the same galaxies after
o [ N they have been simulated 1~3  and viewed under the same conditions as
0.4 — the submm galaxies.

3 = centration index probabilities of association with ULIRGs are
+ s 96% for the ULIRG correction and 78% for the normal galaxy
0.2 — - correction. The corresponding probabilities for a normal galaxy

} : association are 12% and 32%, respectively. Although these
. K-S tests are not conclusive, they again rule out that the submm
- . asymmetry distribution is similar to the asymmetry distribution

0l . Lo ol of normal galaxies.
If submm sources are analogs of nearby ULIRGs, then they
8 9 10 11 A S : -
are perhaps forming into modern elliptical galaxies. Elliptical
log M, (M) galaxies can be uniquely identified in the CAS system by their

Fic. 3.—Fraction of galaxies betwe@x z<4  consistent with undergoing high "ght concentrations and low asymmetries' The Only gal-
IG. O.— < - . . . .. .
a major merger {), as a function of stellar mass lower limit. The stellar axies that have light concentrations as high as elliptical galaxies

masses of the Lyman break galaxies (LBGs) were obtained through fits to &€ Fhe UL|RGS. (Consellice 2003), suggesting a causal con-
spectral energy distributions acquired by Papovich et al. (2001) and whosenection. From Figure 2 it can also be seen that some of the
merger properties are discussed in detail in Conselice et al. (2003). The stellarsybmm sources have light concentrations as high as elliptical
mass lower limit ofl0"* M, for the submm galaxies is estimated on the basis galaxies, suggesting that at least some of these systems are
of the large gas and dynamical mass measurements of these galaxies. A . . .

forming into spheroidal galaxies. We can conclusively rule out
that all of these systems are spiral galaxies, as four (36%) have

galaxies. This can be shown qualitatively as well.Figure 4 light concentrations too high to be forming into disks.

shows nearby ULIRGs a~ 0.1 and the same galaxies after
they have been simulated at- 3 . These are the same simu-
lations usedn § 2 todetermine the correction to the concen-
tration and asymmetry values. The simulated ULIRGs appear Submm galaxies and ULIRGs have comparable rest-frame
very similar to the submm galaxies (Fig. 1), although the sep- far-infrared luminosities and large masses, suggesting that
aration between components in nearby ULIRGs and the submmsubmm sources result from a similar merger origin. However,
sources differs (Chapman et al. 2003b). Nearby normal gal-direct quantitative evidence has been lacking. We argue in this
axies, such as disk and elliptical galaxies, do not appear in alLetter that a significant fraction of submm sources are galaxies
similar manner when redshifted out to these same redshifts. actively engaged in major mergers by using the CAS morpho-

We can further test how similar the ULIRGs and submm logical system (Conselice 2003). We find that 40%—-80% of
galaxies are in terms of their morphologies by performing Kol- our submm galaxies show consistent evidence for undergoing
mogorov-Smirnov (K-S) tests. The probability that the submm major mergers. These results have important implications for
source asymmetries are taken from the ULIRG population the nature of massive galaxy formation. Submm sources con-
asymmetries is 21% after correcting by the ULIRG simulation stitute a significant galaxy population at high redshift, under-
results and 2% when correcting by the normal galaxy simu- going mergers, that likely later evolve into the massive galaxies
lations. The probability of association with the normal galaxies seen in the nearby universe. These massive galaxies therefore
is less than 0.001% when using the ULIRG correction and 1% appear to be forming their stars through merger-induced star-
when using the normal galaxy simulation correction. The con- bursts rather than collapses.

4. DISCUSSION AND CONCLUSIONS
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