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お題：ご自身の研究分野に関連して、
2030年代のサイエンスとその実現に必要なフレームワークについて



何を目指せば良いのか
何がわかれば『銀河の進化を理解した』と言えるのか？ 

個人的な考え：基本的には『銀河内の星の分布を時間の関数として知ること』だと思う 

アプローチ：銀河を空間分解（解剖）した観測を行うThe Astrophysical Journal, 803:26 (24pp), 2015 April 10 Papovich et al.

Figure 12. Examples of progenitors of an M31-mass galaxy from z = 3 to the z = 0.5. Each galaxy is selected such that it has the (approximate) median U − V and
V − J color derived for all progenitors in a given redshift bin (see Table 1). Each false-color image shows the approximate rest-frame U, B, V band (blue, green, red,
respectively) using the ACS (B435V606i775z850) and WFC3 (J125H160) band closest to rest-frame UBV at each redshift (for this reason we show only progenitors from
the CDF-S sample because this full complement of HST imaging does not exist for the COSMOS nor the UDS ZFOURGE fields; see Grogin et al. 2011; Koekemoer
et al. 2011). The images are placed at their measured rest-frame U − V color and redshift (slight adjustments in redshift are made for presentation purposes, but the
rank order of the galaxies is unchanged). The image sizes are scaled to the same fixed physical scale where the inset shows a scale of 10 kpc.

Our results compare favorably with those in the literature.
Patel et al. (2013b) considered the size evolution of galaxies
selected to have constant number density, log(n/Mpc−3) =
−3.9, slightly less common (and therefore more massive)
than the M31-mass progenitors in our sample (the latter have
number density closer to log[n/Mpc−3] = −3.4; see Figure 4).
Figures 10 and 11 show that the galaxies in the Patel et al.
sample have larger effective radii and larger Sérsic indexes
compared to our values for the M31-mass progenitors at the
same redshift. This is likely a result of the higher stellar masses
of the galaxies studied by Patel et al. compared to the M31-mass
sample here. The differences could be related to band-shifting
effects (“morphological K corrections”), as Patel et al. use ACS
F814W imaging for their sample at z < 1 where we use WFC3
F160W (see also van der Wel et al. 2014). There is only a slight
increase in reff of our sample derived with the WFC3 F105W
compared to the F160W band (the median increases by ≈10% at
z = 0.5; see also Morishita et al. 2014). Therefore, the choice of
bandpass for the effective sizes does not change the qualitative
conclusions.

van Dokkum et al. (2013) considered the evolution of the
Sérsic index of MW-sized progenitors and derive a somewhat
different evolution. As illustrated in Figures 10 and 11, by
z ∼ 2, the galaxies in their sample have already achieved higher
Sérsic index, ns ∼ 2, higher than those in our sample, with
somewhat higher effective radii at higher redshifts. It is likely
this is because the van Dokkum et al. sample is selected to

have constant number density, which yields higher stellar-mass
progenitors at z ∼ 2 (log M∗/M⊙ ! 10). In comparison, the
progenitors in our MW-mass sample are lower in stellar mass
by about a factor of two at z ∼ 2. Because the evolution is such
that at fixed redshift the median Sérsic index increases with
stellar mass, the difference in stellar mass between the samples
likely accounts for the difference in Sérsic-index evolution.

Patel et al. (2013a) traced the structural evolution of star-
forming MW-mass progenitors from z ∼ 0 to z = 1.5. Their
sample was selected using the inferred growth from the star-
forming sequence (see Leitner 2012). The galaxies in their
progenitor sample have lower stellar mass (by about 0.2 dex)
compared to our MW-progenitor sample. Figures 10 and 11
show while the evolution in effective radius is similar between
their sample and ours, the galaxies in their sample have weaker
evolution in Sérsic index, with ⟨ns⟩ ≃ 1.5–2 at z ∼ 0.4
compared to our finding of ⟨ns⟩ = 3.4 at z = 0.5. This difference
is likely due entirely to the fact that the Patel et al. samples are
star forming only, with lower stellar mass.

The visual morphology of the progenitors of M31-mass and
MW-mass galaxies encapsulates their evolution, as illustrated in
Figures 12 and 13. Each figure shows (approximate) rest-frame
UBV images of galaxies from the progenitor subsamples that
have the median U − V and V − J colors derived in Figure 6 for
the M31- and the MW-mass subsamples, respectively. Specif-
ically, we select from the progenitors those galaxies satisfying
(∆2

UV + ∆2
V J )1/2 " 0.3 mag, where ∆UV ≡ ⟨(U −V )⟩− (U −V )
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銀河の進化はもう大体わかっている？



何を目指せば良いのか
何がわかれば『銀河の進化を理解した』と言えるのか？ 

個人的な考え：基本的には『銀河内の星の分布を時間の関数として知ること』だと思う 

アプローチ：銀河を空間分解（解剖）した観測を行う

2010-2020年代：大規模面分光探査時代
The Astrophysical Journal, 798:7 (24pp), 2015 January 1 Bundy et al.
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Figure 14. Panoramic view of resolved, ionization diagnostic information available for MaNGA targets, taken from Belfiore et al. (2014). Results for the P-MaNGA
target, P9-127A (NGC 2916), are shown. The black diamonds in the BPT diagrams represent the value obtained in the central fiber. Flux measurements are given in
units of 10−17 erg s−1 cm−2 Å−1. Central white spaces are regions where one or more emission lines are too weak to provide reliable ratios or diagnostic measurements.
A foreground star in the upper portion of the IFU data has been masked. See the text (Section 7.2) for details.

standard stars covered with single fibers at each of the three
dither positions. The flux calibration vectors derived from these
single-fiber spectra were found to vary by ∼10% from exposure
to exposure, depending on the amount of light lost from the fiber
due to atmospheric seeing and astrometric misalignments. While
this uncertainty is acceptable for the present science purposes,
the flux calibration uncertainty of the single fibers ultimately
drove the design decision of the MaNGA survey to use seven-
fiber IFU “mini-bundles” for each calibration standard star,
which results in a 2%–3% photometric uncertainty (see R. Yan
et al., in preparation).

Flux-calibrated spectra from the blue and red cameras were
combined across the dichroic break using an inverse-variance
weighted basis spline function. Astrometric solutions were de-

rived for each individual fiber spectrum that incorporate in-
formation about the IFU bundle metrology (i.e., fiber location
within an IFU), dithering, and atmospheric chromatic differ-
ential refraction, among other effects. Fiber spectra from all
exposures for a given galaxy were then combined into a sin-
gle datacube (and corresponding inverse variance array) using
these astrometric solutions and a nearest-neighbor sampling al-
gorithm similar to that used by the CALIFA survey. For the
P-MaNGA datacubes, a spaxel size of 0.′′5 was chosen. The typ-
ical effective spatial resolution in the reconstructed datacubes
can be described by a Gaussian with FWHM ≈ 2.′′5. When
binning the datacubes, the resulting error vectors are scaled to
approximately account for wavelength and spatial covariance
in the P-MaNGA error cubes. A more accurate estimation of

20

The SAMI Galaxy Survey: Early Data Release 1571

Figure 3. Example SAMI data for the galaxy 511867, with z = 0.05523 and M∗ = 1010.68M⊙. Upper panel: flux for a central spaxel (blue) and one 3.75
arcsec to the North (red). Lower panels, from left to right: SDSS gri image; continuum flux map (10−16 erg s−1 cm−2 Å−1); stellar velocity field (km s−1);
Hα flux map (10−16 erg s−1 cm−2); Hα velocity field (km s−1). The two velocity fields are each scaled individually. For the stellar velocity map, only spaxels
with per-pixel S/N >5 in the continuum are included. Each panel is 18 arcsec square, with North up and East to the left. The grey circle in the second panel
shows the FWHM of the PSF.

Figure 4. As Fig. 3, for the galaxy 599761 with z = 0.05333 and M∗ = 1010.88M⊙.

MNRAS 446, 1567–1583 (2015)

MaNGA (~10k galaxies)

Bundy+15

KMOS (~1k galaxies at z>0.5)

SAMI (~3k galaxies)

Bryant+15



何を目指せば良いのか
何がわかれば『銀河の進化を理解した』と言えるのか？ 

個人的な考え：基本的には『銀河内の星の分布を時間の関数として知ること』だと思う 

アプローチ：銀河を空間分解（解剖）した観測を行う 

難しいところ：特定の銀河に着目して時間を追えない 

1. 近傍銀河の星種族を詳細に解析して、過去の星形成史を推測する 

2. 過去の銀河を観測して、直接星形成活動を調べる
Spatially resolved star formation histories 4739

Figure 7. Examples of light- and mass-weighted radial profiles of age (Columns 2, 3), metallicity (Columns 4, 5) and E(B − V) values (Column 6) obtained
from full spectral fitting for five galaxies from the MaNGA survey of varying IFU size. Column 1 shows the SDSS image of the galaxy. From top to bottom:
MaNGA ID 1-596678 (127 fibres), MaNGA ID 12-84679 (91 fibres), MaNGA ID 1-252070 (61 fibres), MaNGA ID 1-235530 (37 fibres) and MaNGA ID
12-110746 (19 fibres). Grey circles represent the individual Voronoi cells from the DAP data cube, the orange line shows the running median and the red line
shows the straight line fit. The value of the stellar population gradient and its corresponding error are quoted in the legend.

possible contribution of covariance between those cells is neglected
here; hence, the true error will be slightly larger. We expect the
effect to be small, however, because of the generally large spatial
separation of most Voronoi cells in each annulus, in particular at
large radii.

The derived gradients and their errors are quoted in the indi-
vidual panels of Fig. 7. The distribution of the errors in age and
metallicity gradients for the early-type galaxies in the present sam-
ple is presented in Fig. 9. The median errors in age and metallicity
gradient are 0.05 dex and 0.07 dex, respectively. The distribution is
not symmetric, which implies that the errors of the age and metallic-
ity gradients are below 0.1 dex for 77 per cent and 66 per cent of the
sample, respectively. These values are very close to the survey sci-
ence requirement of 80 per cent of quiescent galaxies with an error
in the age and metallicity gradient below 0.1 dex (Yan et al. 2016b).

3.3 Comparison between fitting codes and stellar population
models

To test the dependence of our stellar population measurements both
on the spectral fitting technique and on the underlying stellar pop-
ulation model, we compare the results obtained with the spectral
fitting code STARLIGHT (Cid Fernandes et al. 2005) using both the

Maraston & Strömbäck (2011, M11) and Bruzual & Charlot (2003,
BC03) models for a subset of 30 galaxies. STARLIGHT with BC03
STELIB models is used in Zheng et al. (2017). To ensure our com-
parison of the codes is a fair one, we adopt the same base stellar
population models of M11 with Kroupa IMF that were used in the
present FIREFLY fits and we fit over the same wavelength range of
3500–7428Å. A fundamental difference is the treatment of dust:
while STARLIGHT assumes a dust reddening law, FIREFLY is parameter
free, because it does not fit the continuum shape to constrain the
stellar population properties. It should be emphasized, however, that
this comparison is very complicated, and a more detailed analysis
is beyond the scope of this work.

The results of this comparison are presented in Fig. 10. In general,
there is a large scatter and some systematic offsets. On the positive
side, young and intermediate-age populations are consistently iden-
tified by both codes but then there are considerable difference in
the exact ages derived. FIREFLY yields younger light-averaged ages
for old populations than STARLIGHT (top left-hand panel) by about
∼0.1 dex but are in reasonable agreement for younger populations,
leading to an median offset of µX − Y = −0.04 dex and scatter of
σ X − Y = 0.45 dex. The choice of stellar population model turns out
to produce an effect of comparable size. The BC03 STELIB models
yield somewhat younger ages by ∼0.08 dex for the old population
and older ages by ∼0.1–0.2 dex for the younger population (top

MNRAS 466, 4731–4758 (2017)

近傍早期型銀河の例（Goddard+17a,b）

Spatially resolved star formation histories 4739

Figure 7. Examples of light- and mass-weighted radial profiles of age (Columns 2, 3), metallicity (Columns 4, 5) and E(B − V) values (Column 6) obtained
from full spectral fitting for five galaxies from the MaNGA survey of varying IFU size. Column 1 shows the SDSS image of the galaxy. From top to bottom:
MaNGA ID 1-596678 (127 fibres), MaNGA ID 12-84679 (91 fibres), MaNGA ID 1-252070 (61 fibres), MaNGA ID 1-235530 (37 fibres) and MaNGA ID
12-110746 (19 fibres). Grey circles represent the individual Voronoi cells from the DAP data cube, the orange line shows the running median and the red line
shows the straight line fit. The value of the stellar population gradient and its corresponding error are quoted in the legend.

possible contribution of covariance between those cells is neglected
here; hence, the true error will be slightly larger. We expect the
effect to be small, however, because of the generally large spatial
separation of most Voronoi cells in each annulus, in particular at
large radii.

The derived gradients and their errors are quoted in the indi-
vidual panels of Fig. 7. The distribution of the errors in age and
metallicity gradients for the early-type galaxies in the present sam-
ple is presented in Fig. 9. The median errors in age and metallicity
gradient are 0.05 dex and 0.07 dex, respectively. The distribution is
not symmetric, which implies that the errors of the age and metallic-
ity gradients are below 0.1 dex for 77 per cent and 66 per cent of the
sample, respectively. These values are very close to the survey sci-
ence requirement of 80 per cent of quiescent galaxies with an error
in the age and metallicity gradient below 0.1 dex (Yan et al. 2016b).

3.3 Comparison between fitting codes and stellar population
models

To test the dependence of our stellar population measurements both
on the spectral fitting technique and on the underlying stellar pop-
ulation model, we compare the results obtained with the spectral
fitting code STARLIGHT (Cid Fernandes et al. 2005) using both the

Maraston & Strömbäck (2011, M11) and Bruzual & Charlot (2003,
BC03) models for a subset of 30 galaxies. STARLIGHT with BC03
STELIB models is used in Zheng et al. (2017). To ensure our com-
parison of the codes is a fair one, we adopt the same base stellar
population models of M11 with Kroupa IMF that were used in the
present FIREFLY fits and we fit over the same wavelength range of
3500–7428Å. A fundamental difference is the treatment of dust:
while STARLIGHT assumes a dust reddening law, FIREFLY is parameter
free, because it does not fit the continuum shape to constrain the
stellar population properties. It should be emphasized, however, that
this comparison is very complicated, and a more detailed analysis
is beyond the scope of this work.

The results of this comparison are presented in Fig. 10. In general,
there is a large scatter and some systematic offsets. On the positive
side, young and intermediate-age populations are consistently iden-
tified by both codes but then there are considerable difference in
the exact ages derived. FIREFLY yields younger light-averaged ages
for old populations than STARLIGHT (top left-hand panel) by about
∼0.1 dex but are in reasonable agreement for younger populations,
leading to an median offset of µX − Y = −0.04 dex and scatter of
σ X − Y = 0.45 dex. The choice of stellar population model turns out
to produce an effect of comparable size. The BC03 STELIB models
yield somewhat younger ages by ∼0.08 dex for the old population
and older ages by ∼0.1–0.2 dex for the younger population (top

MNRAS 466, 4731–4758 (2017)

銀河中心部の星の方が若い 
(outside-in growth?



何を目指せば良いのか
何がわかれば『銀河の進化を理解した』と言えるのか？ 

個人的な考え：基本的には『銀河内の星の分布を時間の関数として知ること』だと思う 

アプローチ：銀河を空間分解（解剖）した観測を行う 

難しいところ：特定の銀河に着目して時間を追えない 

1. 近傍銀河の星種族を詳細に解析して、過去の星形成史を推測する 

2. 過去の銀河を観測して、直接当時の星形成活動を調べる
z=2.5にある大質量星形成銀河の例（Tadaki+17a）

HST/H-band 
(星の分布)

ALMA/870um 
(星形成領域の分布)

outside in formation 
（円盤ができた後にバルジができる？）



銀河進化研究会2017における講演内容の分類

銀河を空間分解した観測よりは、よりたくさんの銀河を観測して、銀河全体の物理量の統計
的性質（光度関数、質量関数、星質量ーハロー質量関係、星質量ー金属量関係）を調べる研
究が盛ん。すばるHSC・PFSの観測でさらに発展することが期待される。 
なぜ少数派なのか？ 
- 優先度が低い 

- 良い望遠鏡・装置がない 

- 今できることは海外の研究者にやられ尽くされている

21%

79%

銀河を点源として観測した研究
銀河を空間分解して観測した研究

HSCの高空間分解能画像を使った銀河の形態研究を誰も（自分含めて）やっていない



MPEでのポスドク時代(14年10月-17年3月)
MPE/IRグループは遠方銀河を空間分解した観測的研究分野で過去10年間以上世界を
リードしている。

Genzel+06, Nature, 442, 786 Tacconi+10, Nature, 463, 781 Genzel+17, Nature, 543, 397

MPE/IRグループの基本方針 

「サイエンスファーストで、自分達で観測装置を作り、自分達でサイエンスの成果を挙げる」

Fig. 3, which exhibit significant velocity residuals southwest of the
nucleus. The origin of these residuals is gas at slightly blue-shifted
velocities entering the nuclear region from the northwest, then
passing along the minor axis below the nuclear position and exiting
southeast into the red-shifted part of the disk (see Fig. 1a, d–g, shown
by the dotted S-shaped curve). This trend is reflected in the overall
velocity field of Fig. 3a as a twist of the iso-velocity contours, reaching
an amplitude of 70–120 km s21 in the velocity residual map (Fig. 3c).
Very similar patterns are seen in many local-Universe galaxies (see,
for example, refs 15, 26), where they are interpreted as the tell-tale
signature of radial inward streaming of gas from the disk into the
nucleus (for example, in response to a stellar bar). This inflow could
be an important contributor to the growth of a substantial bulge
whose presence is already apparent as a bright stellar peak near the
centre of BzK-15504 (see Supplementary Information). In addition

there is a red-shifted high-velocity tail (to ,500 km s21) of the Ha
emission ,0.2 00 east of the nuclear continuum peak (Fig. 1j). This
feature is also prominent in [N II] (Supplementary Information) and
may be powered by hard ultraviolet radiation from an active galactic
nucleus (AGN), whose presence in BzK-15504 at that position is
indicated by the properties of its ultraviolet spectrum (Supplemen-
tary Information). Inward nuclear flow and a contribution from an
AGN plausibly explain the relatively large nuclear velocity dispersion
(Fig. 2c) that is not accounted for by the disk rotation model.
Our observations indicate a self-consistent picture of rapid gas

Table 1 | Physical properties of BzK-15504

Parameter Value Description

Z 2.3834 Look-back time 10.7Gyr, 1 00 ; 8.135 kpc
K s 19.2 Total Ks band magnitude (Vega system, uncorrected for 30% line emission)
AV 0.9(þ0.3,–0.3) Extinction derived from spectral energy distribution fitting (SED)
R * 140(þ110,280)M( yr21 Star-formation rate from Ha flux of 2.5 £ 10216 erg s21 cm22 (ref. 19)

and ultraviolet SED, for IMF in refs 20, 21 and AV ¼ 0.9mag
t * 5(þ5,22) £ 108 yr Stellar age from SED fitting, for continuous or 3 £ 108-yr duration burst
S * 1.2M( yr21 kpc22 Star-formation rate surface density
Mdyn (11.3 ^ 1) £ 1010M( Dynamical mass within r ¼ 1.1 00 , corrected for inclination i ¼ 48 ^ 38
M * 7.7(þ3.9,21.3) £ 1010M( From SED and IMF from refs 20, 21, excluding stellar mass loss
Mgas 4.3 £ 1010M( Total gas mass from Ha and Schmidt–Kennicutt law19, for AV ¼ 0.9mag
Sgas 350M( pc22 Total gas surface density from Ha surface brightness and Schmidt–Kennicutt law19

Vc 230 ^ 16 km s21 Circular velocity at r ¼ 5–10 kpc
R1/e 4.5 ^ 1 kpc Radial scale length of Ha disk
Z1/e 1 ^ 0.5 kpc Vertical scale length of Ha disk, from vc/j ¼ 3 ^ 1
Q 0.8 ^ 0.4 Toomre Q parameter for global disk stability16

See Supplementary Information for details; quoted uncertainties are 1 standard deviation of the fit.

Figure 3 | Two-dimensional distributions of first and second moments of
the Ha velocity distribution. a, Extracted mean velocity map. b, Extracted
velocity dispersion map. c, d, Difference maps of a and b, respectively, and
the corresponding best-fitting exponential disk model distributions.
Superposed are contours of integrated Ha emission. In all cases the data and
models were smoothed to 0.19 00 FWHM. The crosses denote the position of
the continuum peak. The strong deviations (in a and c) near the dynamical
centre of the velocity field from that of the simple rotation pattern in the
outer disk indicate a 70–120-km s21 component of radial motion, either
inflow or outflow. The spatial connection of this radially streaming gas to the
outer disk apparent from the channel maps in Fig. 1 strongly favours radial
inflow.

Figure 2 | Velocity and intensity distributions along the major and minor
axes of the source. a, Ha intensity along the morphological and kinematic
major axis at position angle 248 west of north. b, c, Peak velocity (b) and
velocity dispersion (c) extracted along the major axis by fitting gaussians to
spectra in selected apertures. d, Peak velocity in selected apertures along the
minor axis (position angle 1148 west of north) through a position 0.69 00

northwest of the centre and averaged over 0.25 00 along the major axis. Filled
blue circles denote spectra in the 0.15 00 high resolution data of Fig. 1; red
crosses represent the second independent data set at 0.45 00 spatial resolution.
Continuous curves denote the best fitting exponential disk model to the
data. The dotted curve in b is the inclination and resolution corrected,
intrinsic rotation curve inferred from our modelling. In all panels vertical
error bars represent formal 1-j uncertainties in the measurements.
Horizontal error bars indicate the diameter of the synthetic apertures.
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Table 1 | Properties of high-z SFGs

Source z vd* R1/2{ SFR{ FCO 3-21 LCO 3-2I Mmol-gas" M*q fgas#
(km s21) (kpc) (M[ yr21) (Jy km s21) (K km s21 pc2) (M[) (M[)

EGS 13004291 1.20 300 7.2 172(86) 3.7(0.15) 3.2(0.13)31010 2.8(0.11)31011 3.3(1.3)31011 0.46(0.19)
EGS 12007881 1.17 180 8.7 91(46) 1.15(0.06) 9.4(0.49)3109 8.3(0.43)31010 1.6(0.64)31011 0.34(0.14)
EGS 13017614 1.18 270 6.6 74(37) 1.25(0.10) 1.1(0.08)31010 9.3(0.74)31010 1.1(0.42)31011 0.47(0.19)
EGS 13035123 1.12 205 9.0 126(63) 1.9(0.05) 1.4(0.04)31010 1.3(0.03)31011 3.4(1.4)31011 0.27(0.11)
EGS 13004661 1.19 180 6.6 82(41) 0.32(0.06) 2.8(0.52)3109 2.4(0.46)31010 3.0(1.2)31010 0.45(0.20)
EGS 13003805 1.23 200 6.0 128(64) 2.25(0.15) 2.0(0.14)31010 1.8(0.12)31011 2.1(0.84)31011 0.46(0.19)
EGS 12011767 1.28 80 7.0 47(24) 0.30(0.06) 2.9(0.59)3109 2.6(0.52)31010 1.2(0.48)31011 0.18(0.08)
EGS 12012083 1.12 110 4.6 103(52) ,0.13(0.04) ,9.9(3.3)3108 ,8.7(2.9)3109 5.2(2.1)31010 ,0.14(0.07)
EGS 13011439 1.10 94 4.6 90(45) 0.70(0.15) 5.1(1.1)3109 4.5(0.97)31010 1.3(0.5)31011 0.26(0.12)
HDF-BX 1439 2.19 265 8.0 97(43) 0.23(0.08) 6.6(2.2)3109 5.9(1.9)31010 5.7(2.3)31010 0.51(0.26)
Q1623-BX 599 2.33 265 2.8 127(50) 0.60(0.1) 1.8(0.3)31010 1.6(0.26)31011 5.7(2.3)31010 0.73(0.32)
Q1623-BX 663 2.43 256 5.5 131(49) ,0.18(0.06) ,5.7(1.9)3109 ,5.1(1.7)31010 6.9(2.8)31010 ,0.42(0.22)
Q1700-MD 69 2.29 217 9.4 141(75) 0.42(0.06) 1.2(0.17)31010 1.1(0.15)31011 1.9(0.74)31011 0.36(0.15)
Q1700-MD 94 2.34 217 9.6 382(171) 2.0(0.3) 6.0(0.9)31010 5.3(0.79)31011 1.5(0.61)31011 0.78(0.33)
Q1700-MD 174 2.34 240 3.6 117(57) 0.60(0.08) 1.8(0.24)31010 1.6(0.21)31011 2.4(0.94)31011 0.4(0.17)
Q1700-BX 691 2.19 238 6.7 62(27) 0.15(0.05) 4.0(1.2)3109 3.5(1.1)31010 7.6(3.0)31010 0.32(0.16)
Q2343-BX 389 2.17 259 4.2 235(86) ,0.15(0.05) ,3.8(1.3)3109 ,3.3(1.1)31010 6.9(2.8)31010 ,0.33(0.17)
Q2343-BX 442 2.18 238 6.7 92(45) 0.43(0.08) 1.1(0.21)31010 1.0(0.19)31011 1.5(0.59)31011 0.41(0.18)
Q2343-BX 610 2.21 324 4.6 141(63) 0.95(0.08) 2.6(0.22)31010 2.3(0.19)31011 1.7(0.68)31011 0.57(0.23)

For details see Supplementary Information sections 1–3.
*Maximum intrinsic rotation velocity.
{Half-light radius.
{ Extinction corrected star formation rates (and 1s r.m.s. uncertainties) from a combination of UV/optical continuum, Ha and 24mm continuum, adopting a Chabrier27 initial stellar mass function.
1 Source and line integrated CO 3–2 flux with 1s r.m.s. uncertainties in parentheses. Upper limits are 3s rms.
ILCO 3-2 5 3.25 3 1013 FCO 3-2 (DL)2(1 1 z)23(n3-2,obs)22, where LCO 3-2 is in units of K km s-1 pc2, DL is the luminosity distance of the source (in Gpc), and n3-2,obs is the observed line frequency of the
3–2 line (in GHz).
"Total H2 1 He mass in cold gas (51.36 times the H2 mass), assuming X 5 N(H2)/I(CO) 5 2 3 1020 cm22 K21 km21 s, or a 5 M(H2)/LCO 1-0 5 3.2, where X and a are the CO-H2 conversion factor in
terms of gas surface density (X) and mass (a), determined from CO 3–2 luminosity and a correction I(CO 1–0)/I(CO 3–2) 5 2. The 1s r.m.s. uncertainties are in parentheses, and upper limits are 3s
r.m.s.
qStellar mass (and 1s r.m.s. uncertainties) determined from population synthesis modelling to the rest-frame UV to infrared spectral energy distribution, assuming a Chabrier27 initial stellar mass
function.
#fmol-gas 5 Mmol-gas/(Mmol-gas 1 M*), upper limits are 3s r.m.s.
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Figure 2 | CO maps in EGS 1305123. High resolution (FWHM 0.60 3 0.70)
CO 3–2 maps and rotation curve in the z 5 1.12 AEGIS galaxy EGS 1305123,
obtained at ,2 mm with the IRAM PdBI in A-configuration30. a, b, Examples
of two CO 3–2 maps in 9 km s21 channels at 136 km s21 (a) and 172 km s21

(b); the r.m.s. uncertainty in these channel maps is 0.3 mJy. The channel
maps show several massive molecular clumps. The three bright clumps in
a have fluxes of 1.7, 1.7 and 1.1 mJy, or 5.7, 5.7 and 3.7 s r.m.s., respectively.
The three brightest clumps visible in b have fluxes of 2.4, 2.1 and 1.45 mJy, or
8, 7 and 4.8 s r.m.s., respectively. Typical gas masses in the clumps are
,5 3 109 M[, with intrinsic radii of ,1–2 kpc, gas surface densities
.300–700 M[ pc22 and velocity dispersions ,19 km s21. c, CO integrated

line emission (red), I-band (green) and V-band (blue) HST ACS images of
the source. Hatched ellipse, CO beam size; cross, position of nucleus.
d, f, Peak velocity (d) and velocity dispersion (f) maps of the CO emission,
obtained from Gaussian fits to the line emission in each spatial point of the
map. Dotted white line, outline of the integrated emission; cross, position of
nucleus. e, Peak CO velocity (and 1s r.m.s. fitting uncertainty error bars)
along the major axis (position angle 16u east of north) of the galaxy. Dashed
red curve, best fitting exponential disk model with radial scale length
Rd50.770 and dynamical mass of 2 3 1011 M[, for an adopted inclination of
27u. Continuous red curve, intrinsic rotation curve of this model as a
function of radius.
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Figure 1 | Hα gas dynamics from KMOS and SINFONI in six massive 
star-forming galaxies. The galaxies have redshifts between z =  0.9  
and z =  2.4. KMOS provides seeing-limited data (full-width at half-
maximum, FWHM ≈  0.6″ ); SINFONI allows both seeing-limited and 
adaptive-optics-assisted observations (FWHM ≈  0.2″ ). a, For each  
galaxy, the distribution of the integrated Hα  line surface brightness is 
shown (colour scale; with a linear scaling), superposed on the stellar 
surface density (Σ*; top three panels) or the H-band continuum surface  
brightness (ΣH; bottom three panels) (white contours; square-root  
scaling). The horizontal white bar denotes the physical size scale.  
b, Velocity maps (colour scale; with extreme values indicated, in km s−1) 
superposed on Σ* or ΣH contours (white lines; square-root scaling), 
derived from fitting a Gaussian line profile to the Hα  data in each pixel 
(0.05″ ). All galaxies have FWHM ≈  0.25″  (2 kpc) except GS4 43501 and 
COS4 01351, which have FWHM ≈  0.55″ −0.67″  (5 kpc). c, Extracted line 
centroids (and ± 1 r.m.s. uncertainties) along the kinematic major axis 
(white line in b). For COS4 01351 (bottom panel) and GS4 43501 (fourth 
panel), we show SINFONI (black filled circles) and KMOS (open blue 
circles) datasets; for D3a 15504 (top panel) we show SINFONI datasets 

at 0.2″  (filled black circles) and 0.5″  (open blue circles) resolution. Red 
continuous lines denote the best-fit dynamical model, constructed from 
a combination of a central compact bulge, an exponential disk and an 
NFW halo without adiabatic contraction, with a concentration of c =  4 
at z ≈  2 and c =  6.5 at z ≈  1. For the modelling of the disk rotation, we 
also take into account the asymmetric drift correction inferred from the 
velocity dispersion curves (d and e; ref. 14). The times shown in each 
panel indicate the total on-source integration time. d, e, Two-dimensional 
(d; colour scale) and major-axis (e; with ± 1 r.m.s. uncertainties) velocity 
dispersion distributions inferred from the Gaussian fits (after removal 
of the instrumental response: σinstr ≈  37 km s−1 at z ≈  0.85 and z ≈  2.2; 
σinstr ≈  45 km s−1 at z =  1.5), superposed on Σ* or ΣH contours (d; 
white lines). The numbers in d indicate the minimum and maximum 
velocity dispersions. The colouring of the data and red lines in e are as 
in c. All physical units are based on a concordance, flat cold dark matter 
cosmology, with cosmological constant Λ , matter density relative to the 
critical density of closing the Universe Ωm =  0.3 and ratio of baryonic to 
total matter density Ωbaryon/Ωm =  0.17, and for the z =  0 Hubble parameter 
H0 =  70 km s−1 Mpc−1.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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MPEの戦略
２大ターゲット『遠方銀河』『銀河系中心』

遠方銀河

Credit: ESO, MPE

銀河中心

VLT/SINFONI

Hershel/PACS

VLT/KMOS

VLTI/GRAVITY

ELT/MICADO

PdBI -> NOEMA



VLT/KMOS：近赤外面分光装置
Wavelength coverage 0.8um to 2.5um

Spectral bands IZ, YJ, H, K, H+K

Spectral resolving power
R = 3400, 3600, 4000, 4200, 2000
           (IZ, YJ, H, K, H+K)

Number of IFUs 24

Extent of each IFU 2.8" x 2.8"

Spatial sampling 0.2" x 0.2"

Patrol field 7.2 arcmin diameter circle

credit: Iztok Boncina/ ESO

24天体同時に面分光観測ができる 

z=1-3のHα輝線が主なターゲット 

AOは使えない

KMOS:ドイツとイギリス+ESOの国際プロジェクト



マネージャー

面分光観測 電波観測 中間赤外線観測

ポスドク・学生

MPE/IR

MPA, MPE

シミュレーション

波長間、観測理論の垣根なく毎週ミーティングを行い、観測結果や観測提案につ
いての議論を行う。一方個人レベルで複数分野（例えばVLTもALMAも使う）に
精通した人というのはそんなに多くなかった。新しく雇うポスドクもただ単に優
秀な研究者というよりは、チームとして不足している・強化したい部分を補うよ
うな人を選んでいるように思えた。

MPEの組織



2030年代のサイエンスとその実現に必要なフレームワーク
銀河進化研究における目標は「銀河がどのように進化して、現在の姿になったのか」を
知ること（ハッブル系列の起源の理解）。この目標を考えた時に、
(1) 銀河を点として観測していて良いのか
(2) 光赤外だけで観測していて良いのか

z=2.5にある大質量星形成銀河の例（Tadaki+17a）

HST/H-band 
(星の分布)

ALMA/870um 
(星形成領域の分布)

「多波長で遠方銀河を解剖する」という方向性に向かっていきたい。
TMT+ALMAで銀河の研究はある程度完成するような気もする。
この後のことはよくわかりません、ごめんなさい

The Astrophysical Journal, 799:209 (27pp), 2015 February 1 Wisnioski et al.

Figure 12. (Continued)

dispersion that closely follows the evolution of specific SFR and
gas fractions, consistent with the “equilibrium” or “regulator”
model and providing evidence that disk turbulence is being set
by the balance of gas fueling and star formation as predicted by
marginally stable disk theory.

The new multi-IFU KMOS instrument allows us to take the
next major step in IFS surveys of distant galaxies, enabling
sensitive observations of large samples across a broad range
of redshifts with wider and more uniform coverage of galaxy
parameter space. The first-year data and results from our
KMOS3D survey and other surveys open up new avenues in
investigating the early evolution of galaxies. As more data are

collected over the next few years, better constraints on the
kinematic and star-forming properties should provide a much
more complete picture of the processes driving the growth and
star formation shutdown of galaxies at the crucial z ∼ 0.5–3
epochs.

We thank the ESO staff, and in particular the staff at Paranal
Observatory, for their helpful and enthusiastic support during the
many observing runs over which the KMOS GTO were carried
out. We thank the entire KMOS instrument and Commissioning
team for their hard work, which allowed our observational
program to be carried out so successfully. We also thank the
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VLT/KMOS 
(電離ガスの運動)
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2030年代のサイエンスとその実現に必要なフレームワーク
銀河進化研究における目標は「銀河がどのように進化して、現在の姿になったのか」を
知ること（ハッブル系列の起源の理解）。この目標を考えた時に、
(1) 銀河を点として観測していて良いのか
(2) 光赤外だけで観測していて良いのか

TMT、SPICAの次に何が必要なのか、
光赤外＋電波サブミリ+理論のコミュニティで一緒に考えたい。
国際協力と国内波長間協力はどっちが難しいのだろうか？

● Wide-Field   
Spectroscopic Survey

● Time-domain Science

Develop new discovery space 
complementary to ALMA  

● Wideband Spectroscopy   

Figure 1. Science cases which will be explored by LST.

because the cosmic infrared background light (CIB) uncovered by COBE indicates that approximately half of
the radiation produced by stars and/or accreting SMHBs has been hidden by dust. Millimeter and submillimeter
wavelengths are best suited for detecting such re-processed thermal dust emission in the early Universe via the
strong negative K-correction.

Wide-field multi-band continuum imaging surveys with a high angular resolution (a few arcsec) will allow
us to uncover the large-scale structures of dusty star-forming galaxies. A resolution of a few arcsec is essen-
tial for efficient and reliable multi-wavelength counterpart identification and the resultant determination of the
photometric redshifts of these dusty galaxies without interferometric follow-up. Recent high-resolution ALMA
studies of submillimeter galaxies uncovered by ground-based 10–15 m class telescopes and Herschel/SPIRE (all
with > 10-arcsec resolutions) reveal that these galaxies are often composed of multiple sources due to a large
observing beam (e.g., Simpson et al. 20155).

Another novel approach to elucidation of cosmic star formation history is a blind search for CO and [CII]
emissions. In particular, searching for [CII] emitters in the appropriate frequency range allows us to sample
those sources very efficiently for a redshift range of 3.5 to 9 (190 to 420 GHz), reaching the star-formation in
the EoR. Further, spectroscopic analysis of CO in the lower frequency bands offers an opportunity to constrain
the evolution of CO luminosity functions across cosmic time. This approach is refereed to as “CO/[CII] tomog-
raphy”, because it is a CO/[CII] analog to the HI 21-cm tomography which will be conducted with the Square
Kilometer Array (SKA). A feasibility study of CO/[CII] tomography has been conducted based on a mock galaxy
catalog containing 1.4 million objects with CO flux SCOδv ≥ 0.01 Jy km s−1, drawn from the S3-SAX project
(Obreschkow et al. 20096).

Figure 2 demonstrates that a blind spectroscopic galaxy survey using a 50-m telescope equipped with a 100-
pixel dual-polarization receiver array, which covers the 70–370 GHz wavebands simultaneously, will be promising
indeed. The proposed reference survey of 2 deg2 in 1,000 hr (on-source) will uncover > 105 line-emitting galaxies
(≥ 5σ) in total, including ∼ 103 [CII] emitting galaxies in the EoR (Tamura et al., in prep.). Such a spectroscopic
deep survey will not be severely affected by source confusion noise, unlike continuum surveys, and can potentially
detect fainter high-z galaxies. Recent successful blind or serendipitous detections of CO- and [CII]-line-emitting
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