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近傍銀河の中間赤外域でのダスト輻射の性質
ー『あかり』による近傍銀河の赤外線撮像観測 ー　

有松亘 、尾中敬、左近樹(東京大学)

金田英宏(名古屋大学)、あかりIRCチーム

Johannes Schedler



Menu

• AKARI / IRC Image reconstruction method　とその適用例   

• 近傍渦巻銀河M81の近・中間赤外観測データの解析結果



Introduction

• Galaxy @mid-Infrared: Emission from 
PAHs, Very Small Grains and Classical 
Dust Grains

➡ 星間物質の銀河スケールでの分布、
性質の空間的変化
中間赤外域で空間分解している近傍銀
河の銀河中心、disk、星形成領域、arm / 
interarm や galactic haloの典型的なSEDを
把握し、銀河進化の中でどのように星
間物質が分布、進化していくかをとら
える。

➡ 赤外輻射源の正確な把握
中間赤外域では、AGN, Star-forming 

regionからのダスト輻射, diffuse ISM  から
の 輻射やLT-AGB starsなどからの輻射が
縮退したものを観測している。　

→星形成率などの見積もりの不確定性
(Kelson & Holden 2010)

→空間分解できている近傍銀河内の各
componentの典型的なcolor,SEDを導出し
て、これらのphotometricな縮退を解く
ことはできないか?



AKARI / IRC Response Curve

★ AKARI/IRC: 中間赤外域に多様なフィルターを備えている。

★ S7,S11,L15,L24の4 bands で7-30μmの波長域を隙間なくカバー。
(SpitzerはIRAC band4(8.0μm),MIPS 24μmのみ)

➡ UIR bands や ダストからの連続輻射(VSG, Classical Grain)の空間変化を、多バンドで捉え
ることで、ダスト、PAHの物理状態や性質を詳細に把握できる。
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★ S7,S11,L15,L24の4 bands で7-30μmの波長域を隙間なくカバー。
(SpitzerはIRAC band4(8.0μm),MIPS 24μmのみ)

➡ UIR bands や ダストからの連続輻射(VSG, Classical Grain)の空間変化を、多バンドで捉え
ることで、ダスト、PAHの物理状態や性質を詳細に把握できる。
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No. S2] UIR Bands in NGC6946 S487

Fig. 3. (a) Schematic slit position for mid-infrared spectroscopy with

AKARI/IRC SG1 and SG2 overlaid with the S7 image of NGC6946.

(b) Detailed image of the slit position taken with the AKARI/IRC S9W

band in the same pointed observation for the spectroscopy. The area

corresponds to the region enclosed with the white dotted lines in (a).

by simply subtracting the spectrum at the interarm region

(figure 4b) from that at the arm region (figure 4a). The resulting

spectrum is shown in figure 4c. Note that the LDG source 47

spectrum is not an independent data set from the arm spectrum,

but simply highlights the difference between the arm and the

interarm spectra. The zodiacal emission is almost canceled out

in the spectrum of figure 4c. In the spectrum of LDG source 47,

ionic lines of [Ar III] at 8.99!m and [S IV] at 10.51!m are

recognized, though they are significant only within the 1"
level, suggesting that it may be a massive star-forming region,

taking account of the high ionization potentials of 27.63 and

34.83 eV to form Ar2+ and S3+, respectively.

These spectra clearly indicate that the strengths of the UIR

6.2 !m and 7.7 !m features relative to the UIR 11.2 !m
feature in the spectrum of LDG source 47 or of arm region

are larger than the interarm region. In order to evaluate the

variations in the relative band strengths of the UIR features

more quantitatively, we define a local continuum baseline (i.e.,

Peeters et al. 2002; Van Diedenhoven et al. 2004; Brandl et al.

2006) and estimate the strengths of the UIR features at 6.2, 7.7,

8.6, and 11.2!m and the local plateau in 6–9!munderlying the
UIR 7.7 and 8.6!m features (hereafter the 8!m plateau; see

figure 5). This 8!m plateau emission defined here corresponds
to that defined as “a second local continuum” in 6–9!m in

Peeters et al. (2002) and the definition of the area of each

band is almost consistent with that adopted in Brandl et al.

(2006). The strengths of the UIR features and the 8!m
plateau for LDG source 47, the arm region, and the interarm

region are summarized in table 1. The relative band strengths

of the UIR 6.2!m/11.2!m, UIR 7.7!m/11.2!m, and UIR
8.6!m/11.2!m together with the ratio of the total UIR band

strengths at 6.2, 7.7, and 8.6!m to the 8!m plateau emission
are listed in table 2. The ratios of UIR 6.2!m/11.2!m and

UIR 7.7!m/11.2!m of LDG source 47 are significantly larger
than those of the interarm region by a factor of more than 2.

The ratio of the UIR 8.6 !m/11.2 !m of LDG source 47

is also larger than that of the interarm region, but the UIR

8.6!m feature is the weakest among the four UIR bands;

the difference in this band ratio is only significant at the 1-"
level. The ratio of total UIR band strengths at 6.2, 7.7, and

8.6!m to the local 8!m plateau emission of LDG source 47

Fig. 4. Obtained mid-infrared spectra of (a) the arm region, (b)

the inter-arm region, and (c) the massive star-forming region LDG

source 47 on the slit for spectroscopy with AKARI IRC/MIR-S. The

spectrum of (c) was simply made by subtracting the spectrum at

interarm region from that at the arm region.

Fig. 5. Schematic image on the definition of the UIR 6.2!m, 7.7!m,
8.6!m, 11.2!m, and the 8!m plateau underlying the UIR 6.2!m,
7.7!m, and 8.6!m features.

S486 I. Sakon et al. [Vol. 59,

NGC6946 taken with the AKARI IRC MIR-S/S7 and S11

bands are shown in figure 1. Large numbers of infrared sources

present along the optical arms and bright spots correspond to

massive star-forming regions (Georgelin & Georgelin 1976;

Tacconi & Young 1990). A number of infrared sources

are found in each image, and many of them are supposed

to be massive star-forming regions (Georgelin & Georgelin

Fig. 1. Mid-infrared images of NGC6946 taken with AKARI

IRC/MIR-S/S7 and S11 bands. The image size is 80 by 80.

1976; Tacconi & Young 1990). They are distributed to form

arm-like patterns, which correspond to the optical arms of

NGC6946 reported by Tacconi and Young (1990). The S7/S11

color map of NGC 6946 is shown in figure 2. The S7/S11 ratio

in the arm regions, which are delineated by numbers of infrared

sources (see the contours in figure 2), is typically larger than

unity, while those in the interarm region are typically smaller

than unity. The interpretation for the variations in the S7/S11

color are discussed in subsection 4.5.

3.2. Mid-Infrared Spectra with AKARI IRC/MIR-S

The slit for spectroscopy with the AKARI IRC/MIR-S is

located so that it crosses both the arm region and the interarm

region of NGC 6946 (see figure 3). The length of the slit is 4000,
and we succeeded to obtain both the spectra of the interarm and

the arm regions, the latter of which includes the H II region

candidate of LDG source 47 located at (˛J2000:0, ıJ2000:0) =
(20h34m50:s80,+60ı07048:009) (Hyman et al. 2000; Lacey et al.
1997). The obtained spectra at the arm and interarm positions

are shown in figures 4a and 4b, respectively. Note that the

spectra of zodiacal emission are not removed in both spectra.

We assume that the spectrum at arm regions is contributed by

emissions from both galactic-disk materials, affected deeply

by star-forming regions, and out-of-disk materials with little

contribution from star-forming activities, while that at an

interarm region is contributed mainly by emissions from

out-of-disk materials. Based on this assumption we obtained

the spectrum of the H II region candidate LDG source 47

Fig. 2. S7/S11 ratio map of NGC 6946. Only data that have a larger

signal-to-noise ratio than 3 for both the S7 and the S11 bands are used.

The contour indicates the intensity of AKARI IRC/MIR-S/S7. Levels

are set as 2.n+1/=2 (MJy sr!1).

UIR band ratio & PAH processing
Sakon et al.  2007  (NGC6946)

7.7 11.36.2

Incresing  7.7 / 11.3μm ratio →　ionized PAH deminant? (Galliano+ 2008a)
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TABLE 1

Observation Log

Name
R.A.
(J2000)

Decl.
(J2000) AOR ID Date

NGC 2974 . . . . . . 9 42 33.28 !3 41 56.9 11290112 2005 May 22
NGC 3962 . . . . . . 11 54 40.10 !13 58 30.1 11290880 2005 Jan 3
NGC 4589 . . . . . . 12 37 25.03 "74 11 30.8 11292416 2004 Oct 20
NGC 4696 . . . . . . 12 48 49.28 !41 18 40.0 11293184 2005 Feb 10

Notes.—All observations used the SL module in staring mode. Units of
right ascension are hours, minutes, and seconds, and units of declination are
degrees, arcminutes, and arcseconds.

Fig. 1.—Illustration of the on- and off-source positions of the IRS SL slits
overlaid on a MIPS 24 mm post-BCD image of NGC 3962 (5!#5!).

Fig. 2.—Mid-IR spectra obtained with the IRS SL. The spectra were ex-
tracted and calibrated by using the SMART (ver. 5.5.6) software package
(Higdon et al. 2004). Background spectra estimated from the observations of
nearby blank sky have been subtracted.

not been included. The first and second orders matched fairly
well and required no further baseline adjustment. Apparent
spike noises in the spectra were masked individually by in-
spection of the two-dimensional Basic Calibrated Data (BCD)
frames to check for the presence of hot pixels that were not
flagged by the Spitzer Science Center (SSC) data reduction
pipeline. The ends of each order where the noise increases
significantly were manually clipped. The spectra thus obtained
from the central regions of the galaxies are shown in Figure 2,
where the data are averaged to a resolution of 0.06 mm in
wavelength.

3. RESULTS

The spectra in Figure 2 show strong emission features at
wavelengths of 11.3 mm (except NGC 4696) and 12.7 mm.
Usually, mid-IR spectra of the interstellar medium (ISM) below
13 mm are dominated by strong unidentified infrared (UIR)
emission bands from PAHs or PAH-like atomic groups at 6.2,
7.7, 8.6, 11.3, and 12.7 mm, among which the 7.7 mm band is
strongest (see, e.g., Duley & Williams 1981; Léger & Puget
1984; Allamandola et al. 1985; Onaka et al. 1996; Mattila et
al. 1996). The 11.3 and 12.7 mm bands correspond to out-of-
plane bending modes of aromatic CiH, while the 8.6mm band
is due to in-plane bending modes of aromatic CiH, and the
6.2 and 7.7 mm bands to vibration modes of CiC bonds. We
estimated the properties of these emission features by single-
Gaussian fits to the spectra within SMART; the results are listed
in Table 2. In view of the usual scheme of things, the observed
spectra seem to be quite unusual; the usually strong UIR fea-
tures at 6.2, 7.7, and 8.6 mm are very faint or even absent, in
contrast to the prominent features at 11.3 and 12.7mm, although
the 12.7 mm band may be contaminated by the [Ne ii] 12.81 mm
fine-structure line. For comparison, we show IRS SL spectra
of two elliptical galaxies obtained from the Spitzer SINGS
Legacy program (Kennicutt et al. 2003) in Figure 3. NGC 3265,
an unusually gas-rich elliptical galaxy, shows normal UIR fea-
tures, like the prototypical starburst galaxy NGC 7714, ob-
served with the Spitzer IRS (Brandl et al. 2004), as well as
normal galaxies extensively studied with ISO (Helou et al.
2000; Lu et al. 2003), whereas the spectrum of NGC 4125
exhibits unusual UIR features similar to those of our samples.
The relative integrated intensity of the 11.3 mm to the 7.7 mm
feature is 0.3 for NGC 3265 (Table 2), 0.23 for NGC 7714
(Brandl et al. 2004), 0.45! 0.12 for normal galaxies (Lu et al.
2003), and 0.3–0.5 for our Galaxy (Sakon et al. 2004) but is
as large as ∼2 for NGC 2974 and ∼4 for NGC 3962 (Table 2).
[Ar ii] 6.99 mm, H2 S(3) 9.66 mm, and [S iv] 10.51 mm lines
might also be present in the spectra (Fig. 2); however, these
lines are too weak to be discussed in detail.
These peculiar UIR features remind us of the strange mid-

IR spectrum of the central 3! region of M31 observed with

ISOCAM (Cesarsky et al. 1998), which exhibits a strong, broad
emission band at 11.3 mm with other UIR bands very faint or
absent. The inner region of M31 is known to be devoid of
star formation, while there is a more active region in a ring at
10 kpc radius where the spectrum shows stronger 6.2, 7.7, and
8.6 mm features. This suggests that the strange M31 spectral
features can be attributed to exceptionally poor interstellar UV
fields, and that hydrogenated amorphous carbon (HAC) par-
ticles, as synthesized in the atmospheres of carbon stars, that
have not yet been graphitized by UV radiation are responsible
for the strong 11.3 mm emission. The UIR emission features
shown in Figure 2, however, seem to differ: the 11.3mm feature
is not as broad, and the 12.7 mm emission is relatively strong.
Moreover, for older low-mass stars as found in elliptical gal-Kaneda et al.  2005, 2007 (Elliptical Galaxy)

7.7 11.3
6.2

Weak 7.7 & 6.2 feature →
　Neutral, larger PAHs are dominant? (Galliano+ 2008a)
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Table 1 The Ames-Astrochemistry Lab PAH IR Spectral Database (Hudgins et al. 1994 - 1999.)
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Data Reduction
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Ghost B,C

• To study point, clumpy and diffuse components 
in a galaxy,  we have to.....

★ Subtract Ghosts & Scattering light effects 
→ Extract ghost patterns of MIR-S and MIR-L
→”Ghost Subtraction”

★ Correct Extended PSF effects
→ Extract PSF patterns of IRC images and 
calculate Aperture Correction Factors
→”Re-Convolution”

★ Execute Accurate Flat Fielding
→Subtract Ghost Effects on Sky Flat frames and 
obtain Flat flames 5 times more accurate than  
ever
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“Re-convolution” : Reconstruction of IRC imaginf data

★ Ghostsの寄与を差し引いた上で、各バンドごと
にPSFのmodelを作成。

★ Fourier space 上で、元の画像に対して作成した
PSF modelで逆畳み込みを行い、同時にGaussian 
PSF でconvolutionさせる。

★ Extendedで複雑な構造のあるPSFを持ったIRC撮
像データから、diffuseな天体の精確な輝度分布
やcolor mapの作成が可能に。 

★ 高輝度な成分がある場合、逆畳み込みの際に不
安が残る？

➡ CLEANをもちいて、平滑化を行う前処理を挟む

0.01 0.02

S7

L15

20pixels

L24

S11

K(x, y) = DFT−1

{
DFT[PSFmodel(x, y)]

DFT[PSF1(x, y)]

}

L15

L24

PSFmodel(x,y)



Image reconstructionの例

Before Image Reconstruction 

1’

N
E

S7,L15



Image reconstruction

Before Image Reconstruction 
FWHM: 5.1-6.8”

After Image Reconstruction 
FWHM: 7.0”

1’

N
E

S7,L15 S7,L15

CLEANing Bright Sources  +  “Re-Convolution” 
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Image reconstruction

S7,L15

- Filament構造:とカラーの関係 

- S7/S11

- Filament :  1.05 ± 0.1

- Inter filament :   0.95 ± 0.15

- L15/S11

- Filament :  0.9 ± 0.1

- Inter Filament :  0.8  ± 0.2

➡ Filament & Inter Filament 間で有意な差はみ
られない。

➡ PAHの電離、サイズ分布などの変化は確
認できなかった。

➡ shock がたっている領域でのPAHの共存:
金田先生の見解と一致



M81 : a Grand Design Spiral Galaxy
optical: HST  ACS/WFC AKARI / IRC  Press Release

- M81: Nearby grand design  spiral galaxy (D=3.63Mpc Freedman et al. 1994)

- Tidal interaction with M82 (Yun+ 1994)

- Inner Lindblad Resonance (ILR: R~4.3kpc(Kendall))付近とspiral arm上にHII regionが点
在

- バルジが卓越。 like E-type galaxy (Fisher+ 2010)

- ILR内側には中間赤外域でspiral likeな構造。

2MASS

10 arcmin ~ 10kpc



M81 : AKARI / IRC  View

- M81: Nearby grand design  spiral galaxy (D=3.63Mpc Freedman et al. 1994)

- NIRではバルジ領域ではstellarの輻射がしめる。
- MIRではバルジ付近でもspiral構造が見える。
- Inner Lindblad Resonace (ILR: R~4.3kpc ())付近とspiral arm上にHII regionが点在。L24
が明るい。

1 kpc 1 kpc

Near Infrared(2MASS K, N3, N4) Mid Infrared(S7, S11, L24)



Point source detection
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- L24 vs. L24 / L15 :  150個のpoint sourcesを検出

- ILR付近(R~4.3kpc)付近にL24が明るい領域が集中。 
→ HII regionに付随するダストの平衡温度が高い。 

- HII region では、L24で明るいほど赤い傾向
→　HII regionに付随するダストの平衡温度が高い。
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- L24 vs. L24 / L15 

- Inter Arm 領域にかなり赤い(L24/L15 ~ 3-5) sourceがある(H alphaでも受かっている)

- 高温なdust componentが存在するHII regions 　　　
→dustと星形成領域のphaseとの関係性？

- Proto Planetary Nebulae? 　(compare with IRC LMC survey first results : Ita + 2007)

Point source detection
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Naturalistic study of M81 at Mid-Infrared

- S7/S11

- Arm, ILR上で 

Fν7/Fν11  :   1.2-1.5

Sakon+ 2006でのNGC6943 

Arm領域でのS7/S11の値と
一致。

➡  強い星間輻射によりPAH
が電離。7.7/11.3が大きく
なっている傾向
(Sakon+ 2006)

- 中心部近傍でS7/S11が大き
くなっている。

➡ Bulgeのstellar 成分からの
寄与?

0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6

1kpc

Fν7/Fν11                                         contour: Fν11
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Infrared Colors of Galactic Bulge of M81

- バルジ領域(1kpc <R_dp< 3.5kpc)で、MIR-Excessの見られない領域のFlux密度と、K-

type の標準星の観測データの平均値を比較

- N4,S7,S11では、ほぼK-type starsのcolorとほぼ一致。

➡ 7-11μmでは、輝度分布と相関のない成分はstellar成分のみで説明できる。

➡ L15、L24で若干のExcess: Mid-IR ExcessをもつAGB starやPPNからの寄与か。

✓ N4/N3, 2MASS K/N3 colorなどで、Bulge領域で有意なcolorの変化なし。

bandpass filter N3 N4 S7 S11 L15 L24

Wavelength [μm] 3.2 4.1 7.0 11.0 15.0 24.0

M81 Galactic Bulge 
SBband/SBN3

1 0.597
± 0.045

0.245
±0.027

0.1825
±0.023

0.116
±0.018

0.1023
±0.028

K-type star 1 0.530 0.221 0.167 0.0489 0.0246

N4/N3



N4/N3



Naturalistic study of M81 at Mid-Infrared

- S7/S11 Nonstellar

- 2MASS K band をscaling。
stellar 成分を除去。

- flux ratio が銀河スケールで変化

- ILR の内側では11μmからの輻射が
dominantで、7μmからの輻射が小さ
い。

領域 Fν7/Fν11

ILR外側 0.8-1.4

ILR内側 0.25-0.5

0.27 0.4 0.54 0.67 0.8 0.94 1.1 1.2 1.3 1.5 1.6

1kpc

Fν7/Fν11(nonstellar)        contour: Fν11(nonstellar)



Naturalistic study of M81 at Mid-Infrared

- L15/S11 nonstellar 

- Mid-Infrred での輝度分布と
ほとんど相関なし。

- ILR内外でもカラーの変化な
し。

- PAH 17 / PAH 11.3 の輻射は
ILRの内側、外側で一定:

- 7 / 11 colorの急激な変化の
原因に、continuumは関与し
ていない？

0.93 1.1 1.3 1.4 1.6 1.8 1.9 2.1 2.3 2.4 2.6

1kpc

Fν15/Fν11(nonstellar)       contour: Fν11(nonstellar)



Naturalistic study of M81 at Mid-Infrared

0.27 0.4 0.54 0.67 0.8 0.94 1.1 1.2 1.3 1.5 1.6

1kpc

Fν7/Fν11(nonstellar)        contour: Fν11(nonstellar)

1kpc

- S7/S11 Nonstellar

- 2MASS K band をscaling。
stellar 成分を除去。

- flux ratio が銀河スケールで変化

- ILR の内側では11μmからの輻射が
小さい。

- Smith+  2010 
(Spitzer/IRS nucleous region only)

→ Irregular PAH feature like Elliptical 
Galaxy (Kaneda+ 2007)

領域 Fν7/Fν11

ILR外側 0.8-1.4

ILR内側 0.25-0.5



Naturalistic study of M81 at Mid-Infrared

- S7/S11 Nonstellar

- Smith+  2010 
(Spitzer/IRS nucleous region only)

- MIR Arm or Spiral-like structure 
in ILR:  
PAH emission dominant

→ Irregular PAH feature 
weak 7.7 μm feature

- ILR 内側の S11 Excessは、PAH 

11.3μm/ 7.7+6.2 の比が高いことに
起因していると考えられる。

- PAH cluster (>100 C atoms) の輻射?
(Kaneda+ 2007)

➡ 小さなPAHが破壊されている
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Table 1 The Ames-Astrochemistry Lab PAH IR Spectral Database (Hudgins et al. 1994 - 1999.)
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Figure 1. The 5 - 14 µm ISO SWS spectrum (top) from the Orion ionization ridge
compared with (bottom) the composite absorption of a mixture of PAHs produced by
coadding laboratory spectra of 11 different PAH cations (Peeters et al. 2002, in press).

Hudgins&Allamandola 2002



まとめ

- M81のnonstellar成分のS7/S11のカラーは、ガス運動の共鳴半径
の内側と外側で大きく異なっている。

- ILR外側:  7μm付近の輻射が強い領域あり。渦巻銀河的な挙動
ILR内側:  11.3μmがdominantな領域がバルジ全体に広がっている

- ILR内側に落ち込む新鮮なPAHが、Bulge領域の高温プラズマに晒
されながら破壊され、PAH Clustersのみが生き残って中心付近
に流れ込む様子を見ている(?)。



まとめ & 目標 

- 中間赤外域での近傍銀河のarm/interarm、galactic center や outflow region の輝
度分布とカラーを、PSFや他の散乱光成分の影響を適切に処理した上で求め
た。

これからの目標：　
AKARI / IRC reconstructed imaging data と AKARI / FIS, Hershel PACS/SPIRE のデータ
から、近-遠赤外域の輻射分布を把握

銀河スケールでの星間環境の変化に応じたダストの生成、進化、破壊プロセスを
解明する


