
Super-‐MAGNUM	  project	  
	  −	  Unprecedented	  Long-‐Term	  Infrared	  
Monitoring	  of	  High-‐Redshi:	  QSOs	  −	

東京大学天文学教育研究センター	  
峰崎 岳夫、吉井 譲、諸隈 智貴	



•  中心光源の変光に応答して周囲の放射成分が変光	  
–  両者の変光間の遅延時間を測定	   	   	   	   	   	   	   	  　

放射領域半径＝遅延時間×光速	  
–  AGN	  内部の解像できない構造を 	   	   	   	   	   	   	  　　　　

探る重要な手法	  

AGN	  の reverberaDon	  mapping	
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•  半径(遅延)光度関係	  
	

ReverberaDon	  mapping	  による	  AGN	  距離測定	
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•  遅延→光度→距離	  
–  Dust	  torus	  :	  Yoshii+14	  
　距離梯子によらない直接測定	  
	  	  	  	  (トーラス内縁でのダスト昇華モデル)	  

–  BLR	  :	  Watson+11,	  Czerny+13	  
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•  中小望遠鏡→大望遠鏡	  

新時代の	  reverberaDon	  mapping	
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Super-‐MAGNUM	  project	

•  High-‐z	  QSOs	  の長期赤外線測光・分光モニター観測	  
–  ReverberaDon	  mapping	  により	  QSO	  の光度距離測定（z〜0-‐7）	  
– →宇宙モデル・ダークエネルギーの謎に迫る	  

The above common argument is also wrong at a higher level.
This argument declares the 1:7 < z ! 6:6 region to be uninter-
esting within the concordance cosmology. But this is presump-
tive that the concordance cosmology is correct. (Similarly, back
in 1997, I was told by a theorist that it was pointless to measure
the HD to z ¼ 1 since it would merely confirm the then concor-
dance cosmology of !M ¼ 1 and!" ¼ 0.) Science advances by
exploring unexplored regions and by performing critical tests of
standard wisdom. (And the standard wisdom of the now concor-
dance cosmology is only a few years old.) Who knows what we
will find in the 1:7 < z ! 6:6 HD, and we will not know unless
we look. It would be unwise for the community to ignore 1:7 <
z ! 6:6 as uninteresting, especially as the GRB data are cur-
rently flowing in for free from Swift.

A disadvantage of supernovae for HD work is that the optical
light can be dimmedwith distance. Two serious mechanisms have
been proposed. The first is that the optical light will be achro-
matically dimmed by gray dust and hence not corrected for in the
usual dereddening (Aguirre 1999a, 1999b). Simple versions of
this mechanism have been excluded, but the possibility that the
dust density changes with redshift has not been excluded (Riess
et al. 2004). The possibility of gray dust changing over time to
match the predictions of the concordance cosmology seems con-
trived, but it is possible. The second mechanism is that the op-
tical light will be achromatically dimmed by refraction in Ly!
clouds along the line of sight (Schild & Dekker 2006). This idea
remains largely unexplored. GRBs as cosmological tools are
completely immune to both problems.

A likely serious problem for the supernova HD is that the pro-
genitor population of Type Ia supernovae undoubtedly evolves
in time, so that high-redshift events might have a substantially
different calibration from nearby events, thus leading to a distor-

tion of the HD. This is a reasonable possibility because the pro-
genitors formed in the young universe will have lower metallicity
than progenitors formed in recent times, and the metallicity might
have a noticeable effect on the supernova peak brightnesses and
decline rates. The primary defense is that the spectra of super-
novae at zP 1 appear similar to those of nearby events (Perlmutter
et al. 1997, 1999), and this is good for putting some crude upper
limit on the size of the evolution effects. However, the peak bright-
nesses of supernovae are correlated with the galaxy type, and gal-
axy types evolve as we look back to higher redshifts, so we have
observational evidence that the evolution effect is significant.
Detailed calculations under various scenarios (Domı́nguez et al.
2001, 2003) show that the progenitor evolution effects are roughly
0.2 mag from z ¼ 0 to 1. This is comparable to the size of the
cosmological effects over the same redshift range. As such, the
supernova HD cannot be used for precision cosmology until
the evolution issue is resolved. And there is currently no resolution
of the long-standing question of whether the progenitors are re-
current novae, double white dwarfs, supersoft binary systems, or
symbiotic stars. Without knowing the identity of the progenitors,
how can we evaluate the evolution of peak brightnesses as we go
to high redshift? In all, supernovae cannot be applied to HD ques-
tionswhere systematic changes of less than#0.2mag from low to
high redshift are critical.
Do GRBs have the same problem with evolution? I argue that

GRBs do not have any problems with evolution. My reason is
that the physical mechanisms that create the luminosity relations
are thought to be based on light-travel times, the degree of rela-
tivistic beaming, and energy conservation in the shocked mate-
rial, with none of these mechanisms changing as we look back in
our universe. The metallicity of the GRB progenitor or the sur-
rounding interstellar medium does not change the speed of light
or the relativistic effects that are the basis for the luminosity rela-
tions. The metallicity might affect the GRB luminosity, but then
the physics of the luminosity relations would simply indicate the
corresponding luminosity and the distance would be correctly
deduced. The population of GRBs might drift, for example, in
luminosity as we look back to high redshift, but the luminosity
indicators will still give the correct luminosity for each individ-
ual burst. And this is all we need for GRBs to have zero evolution
effects. This argument should be examined further, but in the
meantime, we are left with a situation where GRBs have arguably
zero evolution effects while supernovae have currently unknown
evolution effects that can get as large as the signal being sought.
Do either GRBs or Type Ia supernovae have an advantage

concerning the number of outliers that must be rejected? In x 3, I
rejected three GRBs and two rise times out of 72 bursts. For
comparison, Perlmutter et al. (1999) presented their main result
with 6 rejected outliers out of 60 supernovae. Riess et al. (2004)
rejected 29 supernovae (out of 186) to form their gold sam-
ple, with the causes largely being due to uncertain classifications,
too few points in the light curves, and high extinctions. Many
well-observed supernovae are known to be distant outliers (not
even counting the superluminous SN 1991T and subluminous
SN1991bg events), including S Andromedae (de Vaucouleurs &
Corwin 1985; Fesen et al. 1989), SNLS-03D3bb (Howell et al.
2006), SN 2005hk (Phillips et al. 2006; Stanishev et al. 2006),
SN 2002cx (Li et al. 2003), SN 2003gq (Jha et al. 2006), SN
2005P (Jha et al. 2006), SN 2005cc (Antilogus et al. 2005), and
SN 1006 (Schaefer 1996a, 1996b). Apparently, Type Ia super-
novae have a higher percentage of outliers than GRBs, but I do
not think that this is important for the relative merits. Outliers are
not important for either Type Ia supernovae or GRB HD work

Fig. 16.—HD for a representative range of cosmological models. The con-
cordance cosmology (with!M ¼ 0:27 in a flat universe withw ¼ $1) is now the
standard and default based on the supernovameasures of the HD up to z < 1 with
a handful up to z < 1:7. But many dozens of reasonable models for the equation
of state for the dark energy, as well as for alternatives to general relativity, have
been proposed (cf. Szydyowski et al. 2006). Three representative alternatives are
theWeyl gravity (Mannheim2006)with q0 ¼ $0:2, aChaplygin gas (Kamenschik
et al. 2001) with A ¼ 0:5, and the Riess cosmology of w ¼ $1:31þ 1:48z as
based on the best fit to the gold sample of supernovae (Riess et al. 2004).Many of
these models show miniscule differences up to z # 1:5 yet large differences for
z > 3. This figure has three points: First, many reasonable alternatives to the con-
cordance cosmology exist. Second, distinguishing between these cosmologies at
the relatively low redshifts available to supernovae will be hard due to the small
differences that could get hidden by systematic errors (Domı́nguez et al. 2001,
2003). Third, distinguishing between these cosmologies at redshifts >3 is easy
due to the large differences uniquely measured with GRBs.
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Figure 2. AGN Hubble diagram. The luminosity distance indicator τ/
√

F is plotted as a function of redshift for 38 AGNs with Hβ lag measurements. On the right
axis the luminosity distance and distance modulus (m − M) are shown using the SBF distance to NGC 3227 as a calibrator. The current best cosmology (Komatsu et al.
2011) is plotted as a solid line. The line is not fit to the data but clearly follows the data well. Cosmologies with no dark energy components are plotted as dashed and
dotted lines. The lower panel shows the logarithm of the ratio of the data compared to the current cosmology on the left axis, with the same values but in magnitudes
on the right. The red arrow indicates the correction for internal extinction for NGC 3516. The green arrow shows where NGC 7469 would lie using the revised lag
estimate from Zu et al. (2011). NGC 7469 is our largest outlier and is believed to be an example of an object with a misidentified lag (Peterson 2010).
(A color version of this figure is available in the online journal.)

4.1.2. Extinction

Another likely source of scatter is due to extinction associated
with the AGN and its host galaxy. As an example, in Figure 2 we
plot the shift in τ/

√
F resulting from the extinction correction

for NGC 3516 (Denney et al. 2010). This shift moves NGC 3516
very close to the best-fit line. Currently, few reliable extinction
measurements exist for these AGNs. We show the extinction
correction for NGC 3516, in Figure 2, however, because it may
be reliable as it is based on two different extinction estimations
with different methods that give consistent results (Denney
et al. 2010). An accurate correction for internal extinction
should reduce the scatter in the Hubble diagram. A mean
scatter of ∼0.16 dex (0.4 mag) as suggested by Cackett et al.
(2007), induced in the luminosities of these AGNs by internal
extinction, would contribute 0.08 dex (0.2 mag) scatter to the
relationship. Using the Balmer decrement method, Na i D or K i
line equivalent widths, or a calibration based on several methods,
we would then expect to be able to reduce the scatter induced
by extinction from 0.08 dex (0.2 mag) to the level at which
these correlations are calibrated, 0.04 dex (0.1 mag) (Munari &
Zwitter 1997).

Adding an extinction correction will of course systematically
make the distances smaller, but since the objects are currently

calibrated to the distance to NGC 3227, it is the extinction
relative to this object that matters. Currently, we assume that
the extinction of NGC 3227 is reasonably close to the mean
extinction of the sample. The fact that the distances are not
noticeably offset from the distances based on current best
estimates of H0 (Figure 1) suggests that this is a reasonable
assumption.

4.1.3. Incorrect Lags

The scatter due to an apparent diversity between objects can
also be rapidly reduced. While we use all available Hβ lag
detections with published host-corrected AGN fluxes here to
avoid biasing our results, it has been shown (Peterson 2010)
that with selection of only good quality lag measurements,
the scatter in the observed radius–luminosity relation can be
reduced to a level almost consistent with the observational
uncertainty. This suggests that some of the lag measurements
currently in use are incorrect at a level much larger than their
quoted uncertainties. This may in part be due to developing
observational expertise, where later lag measurements benefited
from improved observing practices, e.g., better-sampled light
curves. NGC 7469 alone contributes 0.09 dex (0.22 mag)
to the total scatter. The lags of most of our objects were
recalculated by Zu et al. (2011) using the stochastic process

3
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Figure 2. AGN Hubble diagram. The luminosity distance indicator τ/
√

F is plotted as a function of redshift for 38 AGNs with Hβ lag measurements. On the right
axis the luminosity distance and distance modulus (m − M) are shown using the SBF distance to NGC 3227 as a calibrator. The current best cosmology (Komatsu et al.
2011) is plotted as a solid line. The line is not fit to the data but clearly follows the data well. Cosmologies with no dark energy components are plotted as dashed and
dotted lines. The lower panel shows the logarithm of the ratio of the data compared to the current cosmology on the left axis, with the same values but in magnitudes
on the right. The red arrow indicates the correction for internal extinction for NGC 3516. The green arrow shows where NGC 7469 would lie using the revised lag
estimate from Zu et al. (2011). NGC 7469 is our largest outlier and is believed to be an example of an object with a misidentified lag (Peterson 2010).
(A color version of this figure is available in the online journal.)
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Another likely source of scatter is due to extinction associated
with the AGN and its host galaxy. As an example, in Figure 2 we
plot the shift in τ/
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F resulting from the extinction correction

for NGC 3516 (Denney et al. 2010). This shift moves NGC 3516
very close to the best-fit line. Currently, few reliable extinction
measurements exist for these AGNs. We show the extinction
correction for NGC 3516, in Figure 2, however, because it may
be reliable as it is based on two different extinction estimations
with different methods that give consistent results (Denney
et al. 2010). An accurate correction for internal extinction
should reduce the scatter in the Hubble diagram. A mean
scatter of ∼0.16 dex (0.4 mag) as suggested by Cackett et al.
(2007), induced in the luminosities of these AGNs by internal
extinction, would contribute 0.08 dex (0.2 mag) scatter to the
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line equivalent widths, or a calibration based on several methods,
we would then expect to be able to reduce the scatter induced
by extinction from 0.08 dex (0.2 mag) to the level at which
these correlations are calibrated, 0.04 dex (0.1 mag) (Munari &
Zwitter 1997).

Adding an extinction correction will of course systematically
make the distances smaller, but since the objects are currently

calibrated to the distance to NGC 3227, it is the extinction
relative to this object that matters. Currently, we assume that
the extinction of NGC 3227 is reasonably close to the mean
extinction of the sample. The fact that the distances are not
noticeably offset from the distances based on current best
estimates of H0 (Figure 1) suggests that this is a reasonable
assumption.

4.1.3. Incorrect Lags

The scatter due to an apparent diversity between objects can
also be rapidly reduced. While we use all available Hβ lag
detections with published host-corrected AGN fluxes here to
avoid biasing our results, it has been shown (Peterson 2010)
that with selection of only good quality lag measurements,
the scatter in the observed radius–luminosity relation can be
reduced to a level almost consistent with the observational
uncertainty. This suggests that some of the lag measurements
currently in use are incorrect at a level much larger than their
quoted uncertainties. This may in part be due to developing
observational expertise, where later lag measurements benefited
from improved observing practices, e.g., better-sampled light
curves. NGC 7469 alone contributes 0.09 dex (0.22 mag)
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Super-‐MAGNUM	  project	

•  High-‐z	  QSOs	  の長期赤外線測光・分光モニター観測	  
–  ReverberaDon	  mapping	  により	  QSO	  の光度距離測定（z〜0-‐7）	  
– →宇宙モデル・ダークエネルギーの謎に迫る	  

Δt(CIV)〜4	  yr	  （observer’s	  frame）	

0.1. 宇宙論・構造形成 11

光技術のブレークスルーによる超高分解能 (R ∼ 100, 000) が実現されれば、宇宙膨張の直接検出に必要な観測
夜数は大幅に軽減される可能性があることを補足しておく。
この観測による科学的意義は、なんといっても宇宙膨張の時間変化の直接検出である。これは宇宙膨張とそ

の膨張速度が精密に測定された現代において、次に目指すべき課題であり、その質的な意義は大きい。例えば
この観測が宇宙の加速膨張期に対して行われれば、宇宙の非一様性による見かけの加速膨張の可能性を完全に
排除でき、宇宙が真に加速膨張していることが確認できる。また、Ly-α吸収線の可視分光観測では、宇宙が減
速から加速膨張に移行した z < 2の時期の測定が出来ないという限界があり、他の天体の利用を検討する必要
がある。

AGN 反響マッピング観測による宇宙モデルとダークエネルギーの検証

図 5: Ωm−w0空間における、現在までの超
新星爆発や BAOの観測による信頼領域 (黒
線)と、高赤方偏移クェーサーの光度距離測
定の結果を加えた場合に予想される信頼領域
(色付きコントア)の比較 [27]。

赤方偏移が 2を超える遠方での距離測定を可能にする有力候補
が、活動銀河核 (AGN;「巨大ブラックホールと活動銀河核」章も
参照)である。AGNでは、ブラックホール周囲に形成された降着
円盤からは紫外可視連続光が、それらを取り巻くように分布して
いる広輝線領域 (BLR)電離ガス雲と塵トーラスからは降着円盤か
らの放射を吸収して生成される広輝線および赤外連続光が放射さ
れている。このため降着円盤の放射が変動すると、これに応答し
て広輝線および赤外線の強度が変動する。このとき、降着円盤か
ら BLR および塵トーラスまでの光の伝搬時間に相当する遅延が
生じる。これを観測することにより、降着円盤からこれらの領域
への距離、すなわちブラックホールを中心とした領域半径を直接
測定することができる (反響マッピング観測) [7]。近傍AGNの反
響マッピング観測から、BLR半径および塵トーラス内縁半径は降
着円盤光度の平方根に比例することが確認されており ([6], [29])、
これらの半径が基本的に放射平衡によって決まっていると考えら
れている。つまり遠方のAGNを反響マッピング観測して BLR半
あるいは塵トーラス内縁半径を求めれば、半径光度関係からその
天体の真の光度が分かり、見かけの光度と比較することで光度距離を求めることが可能となる ([65], [12], [71]

など)。この手法は、その物理機構の理解が進み、また系統誤差が抑えられれば、近傍から赤方偏移 2を超える
高赤方偏移までの光度距離測定を可能にし、宇宙モデルやダークエネルギーの性質を制限する新たな手法にな
り得る (図 5)。実際、近傍AGNの BLR反響マッピング観測からは現在の標準的な宇宙モデルと矛盾しない結
果が得られており [65]、さらには近傍 AGNの塵トーラス反響マッピング観測と塵放射平衡モデルから求めら
れた光度距離測定に基づき、他の手法と完全に独立にH0 = 73 km/s/Mpcという値が得られている [70]。
これまで AGN反響マッピング観測は各地の小口径望遠鏡を用いて進められてきたが、近年は SDSS-IIIに

搭載された BOSS多天体分光装置による系統的なAGN反響マッピング観測 [52] を皮切りに、大規模化しつつ
ある ([28],[8],[23]など)。宇宙モデルやダークエネルギーの性質に制限を与えるには 1,000天体を上回る AGN

の光度距離を測定する必要性を示唆するシミュレーションもあり [27]、今後 BLR反響マッピング観測は多天
体分光器による効率的な観測がほぼ必須となることは疑いの余地がない。以上の点から期待されるのが、近
赤外線多天体分光器であるすばる/PFSと TAO/SWIMS、中間赤外線撮像器 TAO/MIMIZUKUである。すば
る/PFSと TAO/SWIMSによる BLR反響マッピング観測、TAO/MIMIZUKUによる塵トーラス反響マッピ
ング観測により、赤方偏移 z = 0から ∼ 7に至る光度距離を求めることが可能である。また、光度距離の測定
精度を高めるためには連続光成分の変化を測光モニタ観測で追うことが重要であり、小回りの効く小口径望遠
鏡の活用も必要となる。

ULAS	  J112010641@z=7.1	  (Mortlock+11)	

King+14	  
high-‐z	  距離	  
指標の	  
評価（例）	

“The	  more	  general	  the	  form	  of	  the	  dark	  	  
energy	  equa>on	  of	  state	  w(z)	  being	  tested,	  
the	  more	  useful	  high-‐redshiG	  standard	  	  
candles	  become.”	  
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図 3.2: 上図:低赤方偏移クェーサーのスペクトル。鉄輝線を測定するには少なくとも静止波長
3650 Å までの観測が必要。4.1µm まで観測できる TAO では、赤方偏移 10 までの測定が可能。
下図:KPNO (キットピーク天文台) 4m 望遠鏡で取得した z = 3.6 のクェーサーのスペクトル
(Kawara et al. 1996)。上図は KPNOにおける大気の透過率。下図における、細い線は低赤方偏
移クェーサーの合成スペクトルを表し、太い線は z = 3.6のクェーサーの観測スペクトルを表す。
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Super-‐MAGNUM	  project	  by	  TAO	

•  TAO	  望遠鏡の特長	  
–  観測装置の同時搭載、迅速な切り替え（第３鏡の回転）	  
–  長期的視野に立った、かつ柔軟な観測スケジューリング	  
– →複数の観測装置を用いた長期モニター観測を可能に	  
	  

•  観測装置	  
–  Dust	  reverberaDon	  :	  SWIMS,	  MIMIZUKU	  
–  Broad	  emission-‐line	  reverberaDon	  :	  SWIMS	  
–  ReverberaDon	  mapping	  @low-‐z	  :	  紫外可視分光撮像器（計画中）	  

望遠鏡模式図	  
西村製作所提供	



Other	  science	  cases	  	

•  Dust	  reverberaDon	  
–  長期精密観測によるダストトーラス幾何モデル	   	   	   	   	  　
dust	  clouds	  の生成消滅	  

–  多波長観測による温度構造	  

•  Broad	  emission-‐line	  reverberaDon	  
–  ブラックホール質量の直接測定	  
–  複数輝線観測による	  BLR	  の多層構造と半径光度関係	  
–  速度分解	  reverberaDon	  mapping	  と	  BLR	  の運動	  

•  その他	  
–  紫外可視連続放射のスペクトル変動と降着円盤モデル	  
–  積算スペクトルに現れる微細な輝線/吸収線	  
–  積算スペクトルによる	  QSO	  母銀河成分の抽出	  



•  Super-‐MAGNUM	  project	  
–  長期赤外線モニター観測による	  high-‐z	  QSO	  の光度距離測定	  
–  観測対象・赤方偏移と、観測装置・観測波長	  

Schaefer, B. E. (2007)  
Astrophysical Journal,  
v.660, pp.16-46 
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