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Abstract. We present 0/2-0"4 resolution ALMA images of the submillimeter dust continuum and
the CO, HoO, and H,O™ line emission in a z = 3.63 strongly lensed dusty starburst. We construct
the lens model for the system with an MCMC technique. While the average magnification for
the dust continuum is about 11, the magnification of the line emission varies from 5 to 22 across
the source, resolving the source down to sub-kpc scales. The ISM content reveals that it is a
pre-coalescence major merger of two ultra-luminous infrared galaxies, both with a large amount
of molecular gas reservoir. The approaching galaxy in the south shows no apparent kinematic
structure with a half-light radius of 0.4 kpc, while the preceding one resembles a 1.2 kpc rotating
disk, separated by a projected distance of 1.3kpc. The distribution of dust and gas emission
suggests a large amount of cold ISM concentrated in the interacting region.
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1. Introduction

The strongest starbursts across cosmic time are the heavily dust-obscured submillime-
ter galaxies (SMGs, see e.g. Casey et al. 2014). With total infrared (IR) luminosities
above 10'2 L, SMGs reach the limit of “maximum starbursts” (Barger et al. 2014) with
star formation rates exceeding 1000 Mg yr~!. Such intense star formation is thought to
be triggered by galaxy mergers or at least enhanced by interactions, which is consistent
with ACDM simulations where merger rates are expected to increase with increasing red-
shift (e.g. Rodriguez-Gomez et al. 2015), although there are also pieces of evidence that
some of the SMGs are rather smooth isolated clumpy disks with high gas fractions (e.g.
Hodge et al. 2019). The nature of the SMGs remains hotly debated, in part because of
the details of the structure of the molecular gas and dust content (fuel of star formation).
Therefore, to better understanding the nature of SMG, we conduct a detailed study of
CO and HyO (which is a powerful diagnostic tool of the far-IR radiation fields, Yang et al.
2016) and dust content in a strongly lensed SMG selected from the Herschel-ATLAS sur-
vey (Bussmann et al. 2013), GO9v1.97 (Yang et al. 2019), down to the sub-kpc scales,
with the help of gain sensitivity and angular resolution from lensing magnification.
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GO9v1.97, z=3.63 the Antennae Galaxies
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Figure 1. The reconstructed image in the source plane, from left to right: the moment-0 map
of CO(6-5), with yellow contours of the 188 um dust emission in the rest-frame; the moment-0
map of H2O(211-202), with similar contours; the sketch of the merging scenario of G09v1.97; the
optical image with white contours showing the 850 um SCUBA image of the Antenna Galaxies
(Zhu et al. 2003).

2. Results

We have conducted ALMA observations of the CO(6-5), HaO(211202), H20T
(202-111), HoO™(211-202) and the dust continuum emission, resulted in high signal-to-
noise data-cubes with synthesis beam-sizes around 072-0”4. The dust continuum and
molecular gas emission are resolved into a nearly complete ~ 1”5 diameter Einstein ring
plus a weaker image in the centre, which is caused by a special dual deflector lensing
configuration. The velocity structures of the three lines in the image plane are strikingly
similar.

Line profile. The (image plane) spatially integrated, continuum-subtracted spectra of
CO(6-5), HoO(211-202), and the Jy, =2 HyO™ have the same profile, which is composite
of three Gaussian components, a distinct blue (B) and two neighbouring red ones (Rr
and Rb). This similarity suggests these three tracers are co-spatially located, tracing the
warm dense gas that directly relates to the intense star formation.

Lens modelling. In order to derive the intrinsic properties of GO9v1.97, a lens model
needs to be built. Using the 072 ALMA image of the dust continuum of the background
source and KECK images of the two foreground deflectors, we build a double-SIE lens
model with an MCMC approach. Then the lens model is applied to the line emissions
per channel to reconstruct the emission in the source plane.

The nature of the SMG in the source plane. The reconstructed source-plane image of
the CO(6-5) and H2O(211-2¢2) line are similarly showing a bimodality — the northern
component is mainly associated with the two red-shifted Gaussian components seen in
the spectrum, while the southern component is dominantly from the blue-shifted spectral
components. As shown in Fig 1, the approaching galaxy B shows no apparent kinematic
structure with a semi-major half-light radius of as=0.4kpc, while the receding galaxy
R resembles an as=1.2kpc rotating disk. The dust emission is best modelled with two
components, a compact cold dust (17K) dust component peaking in between R and B,
and an extended warmer dust (33-61 K) component dominated by the R and B galaxies.
The two galaxies are separated by a projected distance of 1.3kpc, bridged by weak line
emission that is co-spatially located with the cold dust emission peak in the centre,
suggesting a large amount of cold interstellar medium (ISM) in the interacting region,
much like the concentration of cold dust emission found in the Antenna Galaxies.

References

Barger, A. J., Cowie, L. L., Chen, C.-C., et al. 2014, ApJ, 784, 9
Bussmann, R. S., Pérez-Fournon, 1., Amber, S., et al. 2013, ApJ, 779, 25

https://doi.org/10.1017/51743921319008871 Published online by Cambridge University Press


https://doi.org/10.1017/S1743921319008871

Sub-kpc view of a strongly lensed merger at z = 3.63 299

Casey, C. M., Narayanan, D., & Cooray, A. 2014, Phys. Rep., 541, 45

Hodge, J. A., Smail, 1., Walter, F., et al. 2019, ApJ, 876, 130
Rodriguez-Gomez, V., Genel, S., Vogelsberger, M., et al. 2015, MNRAS, 449, 49
Tacconi, L. J., Genzel, R., Neri, R., et al. 2010, Nature, 463, 781

Yang, C., Omont, A., Beelen, A.; et al. 2016, A6 A, 595, A80

Yang, C., Gavazzi, R., Beelen, A., et al. 2019, A&A, 624, A138

Zhu, M., Seaquist, E. R., & Kuno, N. 2003, ApJ, 588, 243

https://doi.org/10.1017/51743921319008871 Published online by Cambridge University Press


https://doi.org/10.1017/S1743921319008871

	Molecular gas and dust emission in a z=3.63 strongly lensed starburst merger at sub-kiloparsec scales
	Introduction
	Results



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




