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Prized results from HARPS
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Abstract. Searching for planets around stars with different masses probes the outcome of planetary
formation for different initial conditions. The low-mass M dwarfs are also the most frequent stars in our
Galaxy and potentially therefore, the most frequent planet hosts. This has motivated our search for planets
around M dwarfs with HARPS. That observing program has now run for almost a decade and detected
most of the known low-mass planets orbiting M dwarfs (m sin i < 20 M⊕), including the least massive
(GJ581e, m sin i = 1.9 M⊕) and the first potentially habitable planets (GJ581c&d GJ667Cc, GJ163c). This
proceeding shortly reviews the detections made with HARPS, reports on the occurrence of planets around
M dwarfs and how they mesh up with planet formation theory. It also highlights our sensitivity to low-mass
habitable planets, the first direct measure of �⊕, and the recent detection of a transiting planet the size of
Uranus.

1. FROM INDIVIDUAL DETECTIONS ...

Our search for planets around M dwarfs was initiated on HARPS Guaranteed Time of Observations
(GTO) and was extended by a Large Program with a focus on habitable super-Earths and transiting
planets. Our programs have been successful with the detection of 16 planets (with even more being in
the publication process) and including very interesting cases. They have minimum masses ranging from
1.9 M⊕ to 4 MJup and orbital periods from a few days up to 10 years. As illustrated by the top panel of
Fig. 1, the detections of our program (filled red circles) sample a unique parameter space of temperate
low-mass planets. So far, 4 of them could be super-Earths in the habitable zone : GJ581c&d [12, 16],
and more recently GJ667Cc [6] and GJ163c [4]. And altogether, these detections represent a majority
of planets known around M dwarfs, and a much larger fraction of the smallest ones.
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Figure 1. Diagram of confirmed planets as a function of their (minimum) mass and the flux they receive from their
parent star. The flux is normalized by the flux our own Earth receives from the Sun and serves as a temperature
proxy. Detections marked in red correspond to planets orbiting M dwarfs and filled circles are those included
in our sample. The habitable zone is marked in blue according to Venus and early-Mars criteria [15]. GJ581d,
GJ667Cc and GJ163c appear inside the habitable zone whereas GJ581c is outside and close from its hotter
edge.

2. ... TO A STATISTICAL PICTURE ...

Altogether, these detections also hold some clues to the planet formation processes. In particular, their
occurrence rate as a function of planetary mass, period and eccentricity and also as a function of stellar
mass and metallicity can be compared to model predictions.

To infer the frequency of occurrence of M-dwarf planets as a function of their minimum mass and
orbital period we computed detection limits for all individual time series. We then combined them
altogether in a single diagram (Fig. 2) to obtain the number of stars that were observed with enough
sensitivity to detect planets, depending on their minimum mass and period. Eventually, we found that
the super-Earths (1 < m sin i < 10 M⊕) with orbital periods 1 < P < 10 days have a frequency of
36+25

−10% and that those with periods 10 < P < 100 days have a frequency of 52+50
−16%; meaning that

super-Earths with periods 10 < P < 100 days have a frequency of 88+56
−19%. Almost one planet per

star... Combining the detection limits with the number of planets detected in the habitable zone, we
also derived �⊕ = 0.410.51

−0.13, the frequency of 1 < m sin i < 10 M⊕ planets in the habitable zone of M
dwarfs. For the first time, �⊕ is directly measured, rather than extrapolated from the statistic of more
massive and/or shorter-period planets.

These results mesh up well with other recent results from other surveys. The Kepler mission also
indicates a high occurrence rate for super-Earths orbiting late-K to early-M dwarfs (3600 < Teff <

4100 K) with Howard et al. [9] and Gaidos et al. [10] reporting an occurrence rate of 30 ± 8% and
36 ± 8%, respectively. The steep rise in the planetary mass function toward lower mass planets is given
further credit by micro-lensing surveys which, for instance, find a 62+35

−37% occurrence rate for 5–10 M⊕
planets at large separation (0.5–10 AU) [5]. We only note that Dressing et al. [7] find a somewhat lower
occurrence rate for habitable-zone planets around M dwarfs.
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Figure 2. Survey sensitivity derived from the combined phase-averaged detection limits for individual stars (GTO
sample only). Iso-contours are shown for 1, 10, 20, 30, 40, 50, 60, 70, 80, and 90 stars. Planets detected or confirmed
by our survey are reported by red circles and labeled by their names (GTO data only).

Figure 3. Mass-radius diagram with GJ3470b in red.

3. ... AND THE STRUCTURE AND COMPOSITION OF M-DWARF PLANETS

Last but not least, our survey recently detected GJ3470b, a transiting planet that has the size of Uranus.
Its large transit depth and relative brightness makes GJ3470b one of the most favorable exoplanets for
the spectroscopic characterization of its atmosphere [3]. Fig. 3 shows how GJ3470b fits in the mass-
radius diagram.
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4. NEXT

Whereas we could directly measure the occurrence rate of super-Earths, we however still have marginal
sensitivity to truly Earth-mass planets. Fig.. 2 additionally shows for instance that we have sensitivity to
GJ581d-like planets (m sin i = 7 M⊕) around eleven stars, but to GJ667Cc-like or GJ581e-like planets
(m sin i = 4 M⊕) around only three. Our future efforts will thus concentrate on this mass regime.

References

[1] Bonfils, X., Delfosse, X., Udry, S., et al. 2011, eprint arXiv, 1111, 5019
[2] Bonfils, X., Mayor, M., Delfosse, X., et al. 2007, A&A, 474, 293
[3] Bonfils, X. Gillon, M., Udry, S., et al. 2012, A&A 546, 27
[4] Bonfils, X., Lo Curto, G., Correia, A., et al. 2013, A&A, submitted
[5] Cassan, A., Kubas, D., Beaulieu, J.-P., et al. 2011, Nature 481, 167
[6] Delfosse, X., Bonfils, X., Forveille, T., et al. 2012, eprint arXiv, 1202, 2467, A&A, in press
[7] Dressing, C., & Charbonneau, D. 2013, ApJ, in press
[8] Forveille, T., Bonfils, X., Delfosse, X., et al. 2009, A&A, 493, 645
[9] Howard, A., Marcy, G., Bryson, S. T., et al. 2011, Science 330, 653

[10] Gaidos, E., Fischer, D., Mann, A., Lépine, S. 2012, ApJ 746, 36
[11] Kürster, M., Endl, M., Rouesnel, F., et al. 2003, A&A, 403, 1077
[12] Mayor, M., Bonfils, X., Forveille, T., et al. 2009, A&A, 507, 487
[13] Mayor, M., Pepe, F., Queloz, D., et al. 2003, The Messenger, 114, 20
[14] Pepe, F., Mayor, M., Queloz, D., et al. 2004, A&A, 423, 385
[15] Selsis, F., Kasting, J. F., Levrard, B., et al. 2007, A&A, 476, 1373
[16] Udry, S., Bonfils, X., Delfosse, X., et al. 2007, A&A, 469, L43

05004-p.4


	1 From individual detections ...
	2 ... to a statistical picture ...
	3 ... and the structure and composition of M-dwarf planets
	4 Next
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /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 true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /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 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /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 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /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

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /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 <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /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.)
    /DEU <>
  >>
  /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 [595.276 841.890]
>> setpagedevice


