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導入: クエーサー
非常に明るい（>1046 erg/s）活動銀河核のサブクラスで、しばしば大きな光度変動を有す
る。可視光領域の観測では、超巨大ブラックホール周辺の降着円盤を起源とする多温度黒
体輻射が支配的であると考えられている。
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- 広輝線領域 
- 質量(MBH): 106 ̶ 1010 M◉ 
- 光度(Lbol): >1046 erg/s 
- 輝線に対して連続スペクトルが卓越

降着円盤の放射が卓越
- 高い光度変動性

円盤の状態に起因？
e.g., Changing look quasar

- 数万の候補天体と10年程度の光度曲線

降着円盤変動の研究に最適 Urry & Padovani 97 

• 活動銀河核: 銀河中心の非常にコンパクトな銀河全体よりも明るく輝く領域
• クエーサー: 活動銀河核のサブクラス
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導入: クエーサーの可視光光度変動
数日から数十年の時間尺度での、規則性が見られない変動。放射起源は降着円盤であると
考えられているが、その変動起源は未だ明らかにされていない。
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Kozlowski et al. 13Are the Variability Properties of the Kepler AGN Light Curves Consistent with a Damped RandomWalk? 7

Figure 2. PDCSAP light curve of the Seyfert 1 kplr003337670 —
Top panel: unstitched; bottom panel: stitched. The noisiness of
this light curve makes it essential to use a large (100) number of
points at the edges of each quarters when performing the stitch.
End-matching is completely ineffective while using a smaller num-
ber of points at the quarter edges results in obvious mis-matches
across the quarter boundaries.

6 AGN LIGHT CURVE FEATURES

We divide the AGN in the sample into 5 categories of ob-
jects based on the visual appearance of their light curve. Fig.
3 shows all 20 AGN grouped by visual features present in
each light curve. Within each category, we order the AGN
by z. All 20 light curves are plotted over the same rest-frame
time range on the x-axis. Category 1 consists of 3 objects
that have the most stochastic-looking light curves i.e. light
curves bereft of any sinusoidal features or flares. Weak rip-
ple features appear in the light curves of Category 2 objects
(4 AGN). Category 3 consists of 5 objects that have pro-
nounced ripple features in their light curves, while category
4 objects have light curves with flaring behavior (5 AGN).
The last category of 3 objects have primarily featureless light
curves consistent with marginal levels of variability.

The light curves show a wide variety of different types of
behavior. There are indications that individual light curves
can show more than one type of feature. Category 1 ob-
jects (kplr6932990 , kplr012158940, and kplr011178007) are
shown in the 1st row of Fig. 3. These objects have the most
‘stochastic’-looking light curves and are mostly free of any
recurring features and trends. They are also the closest AGN
in this study (z < 0.1), are all Seyfert 1s, and have the
largest amplitudes in variability amongst all of the AGN in
this study barring only kplr006690887.

Four AGN (kplr009650715, kplr002837332,
kplr003347632, and kplr005781475) have mild oscilla-
tory features in otherwise stochastic-looking lightcurves.
This behavior is a mixture of the behaviors exhibited by the

Table 2. Kepler AGN Detector Sequences.

Identifier Detector Properties
KeplerID Module#.Channel#
6932990 14.48⋆, 8.24, 12.40‡, 18.64

12158940 24.81⋆, 10.29, 2.1, 16.53
11178007 23.79⋆, 15.51§, 3.7¶, 11.35§

9650715 14.46, 8.22†, 12.38, 18.62⋆

2837332 22.74, 20.70, 4.10∥, 6.14⋆

3347632 16.55, 24.83‡, 10.31, 2.3
5781475 7.17, 17.57, 19.65, 9.25
2694186 22.75⋆, 20.71, 4.11⋆, 6.15
9215110 13.41, 13.42, 13.43, 13.44‡†

10841941 20.71, 4.11⋆, 6.15, 22.75⋆

3337670 16.53, 24.81⋆, 10.29, 2.1
7610713 8.22†, 12.38, 18.62⋆, 14.46
6690887 12.37, 18.61, 14.45, 8.21
6595745 8.22†, 12.38, 18.62⋆, 14.46
5597763 23.80, 15.52⋆, 3.8¶, 11.36‡

11606854 24.82, 10.30⋆, 2.2, 16.54
10663134 19.66⋆, 9.26†, 7.18, 17.58‡†

8703536 9.27, 7.19, 17.59, 19.67
11021406 23.77, 15.49, 3.5¶, 11.33
12208602 24.81⋆, 10.29, 2.1, 16.53

⋆‘medium’ Rolling Band & Moire
†‘high’ Rolling Band & Moire
‡Out of Spec Read Noise
§Out of Spec Undershoot
∥Out of Spec Gain
¶CCD Failed - no data

The AGN are grouped based on light curve features as in Ta-
ble 1. Col. 2 lists the module#.channel# sequence for each AGN.
Note that some objects share this sequence of module#.channel#
though the starting values may be different. This implies that
such AGN are affected by similar levels of instrumentation arti-
facts and is used in Sec. 6 to decide that instrumentation is not
responsible for some of the features observed in the light curves.

category 1 AGN above and the category 3 AGN discussed
below. The light curves of these AGN are shown in the
2nd row of Fig. 3 between the light curves of the category
1 and 3 AGN to facilitate comparisons. Although there
are indications of oscillatory behavior in this intermediate
category of objects, the oscillations have very poorly defined
time-periods as compared to objects in category 3. However,
their light curves are not as purely stochastic looking as the
light curves of the objects in category 1. Supporting this
notion of an intermediate state is the observation that the
object kplr012158940, which is grouped with the category
1 AGN, appears to be in the process of switching between
categories as it begins to display features more reminiscent
of category 3 light curves toward the end of the data.

Category 3 AGN (kplr002694186, kplr009215110,
kplr010841941, kplr003337670, and kplr007610713) are
shown in the 3rd row of Fig. 3. These objects appear to
exhibit pronounced rippling features in the light curve.
The aforementioned ‘moire’ and ‘rolling-band’ effects that
are known to exist in specific detector modules and chan-
nels in Kepler are the natural suspects. These effects are
known to occur on timescales of a few days and have pat-
terns very similar to those observed in these light curves
(Kolodziejczak et al. 2010). However, a close examination
of the PDCSAP data suggests that the oscillations observed
in these light curves are seen even when the target lands on

c⃝ 2015 RAS, MNRAS 000, 1–20

Kasliwai et al. 15

酔歩的 and フラクタル的

• 光度と色の相関 (明るい→青い)
温度が高い→光度が高い

• 短波長で大きな変動 
• 不規則な変動（Featureless PSD） 
• 変動幅と時間スケールの相関

時間（day） 　　時間（day）　　
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導入: Ornstein‒Uhlenbeck process
確率過程に基づく自己回帰モデルの一種。クエーサーの可視光光度変動をよく記述するモデ
ルとして提案されて以来、本モデルを用いた種々の解析が行われているが、近年、その問題
点が指摘された。

900 KELLY, BECHTOLD, & SIEMIGINOWSKA Vol. 698
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Figure 4. Light curves and best-fit CAR(1) processes for NGC 5548 (left), MACHO source 013.05717.0178 (middle), and PG 0804+761 (right). The top panels show
the light curves (data points) along with the best-fit CAR(1) process (solid line), the middle panels show the standardized residuals (Equation (13)) as a function of
time (data points) and a moving average estimate (dashed line), and the bottom panels compare a histogram of the standardized residuals with the expected standard
normal distribution. The AGN light curves are well described by a CAR(1) process with characteristic timescales τ = 214, 6026, and 1148 days for NGC 5548,
MACHO 013.05717.0178, and PG 0804+761, respectively.
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ai = e−(ti−ti−1)/τ . (12)

Note that Equations (8) and (9) are only valid for i = 1, while
Equations (10)–(12) are only valid for i > 1. The maximum
likelihood estimate is then found by maximizing Equation (6)
with respect to b, τ, and σ .

In this work, we employ a Bayesian approach in order to
directly compute the probability distribution of b, τ, and σ ,
given our observed light curves. The probability distribution
of the parameters, given the observed data (i.e., the posterior
distribution), is calculated as the product of the likelihood
function with a prior probability distribution. In this work,
we assume a uniform prior on b and σ . For deriving a prior
on τ , we note that when the data are regularly sampled, the
CAR(1) process reduces to the AR(1) process described by
Equation (A1) in the Appendix with αAR = e−∆t/τ , where ∆t is

Kelly09• Ornstein‒Uhlenbeck (OU) process
- クエーサーの光度変化をよく記述するモデル

τ: 減衰時定数, σ: 変動の大きさを表すパラメータ
- クエーサーの平均パワースペクトルを近似
- 降着円盤の確率的拡散方程式を近似

• OU process の問題点
- τの計算にτ×10 の長さの観測が必要

現在までに求められたτは不正確
- OU process 以外の過程も良く記述

OU process か否かの検定が困難

(Kelly09,11)

(Kozłowski17)

(Guo17)
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導入: 本研究の目的
クエーサー光度変化の適切なモデル化は未だなされていない。そこで我々は、ノンパラメト
リックな手法によるクエーサー光度変動の現象論的なモデル化を試み、さらにそこから新た
な物理的示唆を得ることを目的とする。

5

• 既存のモデル（確率過程; Ornstein‒Uhlenbeck過程）の問題点
典型的な時定数が正確に決まらない → クエーサー光度変化のパラメタライズが困難

物理的過程に基づくモデル化 現象論的なモデル化

パラメトリック ノンパラメトリック
モデル検証の指標となる 
変動の特徴量の不足

検証困難 モデル最適化の方向性が
手探り・場当たり的

教師なし深層学習

何をパラメータとして考慮すべきか定かでない
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モデル検証の指標となる 
変動の特徴量の不足

検証困難

導入: 本研究の目的 6

物理的過程に基づくモデル化 現象論的なモデル化

パラメトリック ノンパラメトリック

教師なし深層学習モデル最適化の方向性が
手探り・場当たり的

クエーサー光度変化の適切なモデル化は未だなされていない。そこで我々は、ノンパラメト
リックな手法によるクエーサー光度変動の現象論的なモデル化を試み、さらにそこから新た
な物理的示唆を得ることを目的とする。

典型的な時定数が正確に決まらない → クエーサー光度変化のパラメタライズが困難
• 既存のモデル（確率過程; Ornstein‒Uhlenbeck過程）の問題点

何をパラメータとして考慮すべきか定かでない
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手法: Autoencoder
クエーサー光度変化のモデル化をノンパラメトリックに行うために、教師なし深層学習の一
種である Autoencoder を用いる。

7

• Autoencoder（自己符号化器）
入力を圧縮し、そこから入力を再現 教師なし学習

入力の特徴量（AE features）

/17



手法: Autoencoder
クエーサー光度変化のモデル化をノンパラメトリックに行うために、教師なし深層学習の一
種である Autoencoder を用いる。

8

• Autoencoder（自己符号化器）
入力を圧縮し、そこから入力を再現 教師なし学習

入力の特徴量（AE features）
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力
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解析: Autoencoder の学習
データセットの80%を学習に、残りの20%を検証に用いる。学習回数の増加につれて
modeling part, forecasting part ともにLoss(Weighted Chi-square)が減少。

9

• 学習データ: 12,350 天体 (80%)

• 検証データ: 3,088 天体 (20%) 

- Modeling: 全長 - 500d 
- Forecasting: 500d

• 学習: ~15,000 epochs
- Bach size: 256 
- Optimizer: Adam  
- Learning rate: 1E-4 
- Dropout rate: 0.25

• Modeling loss
• Forecast loss 
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解析: モデル化と予測精度
Autoencoder による光度曲線のモデル化は既存のモデルとは異なるが妥当であり、未来の
変動の予測精度は既存のモデルより高い。

10

• モデル化
OU processよりも滑らかな曲線

学習データの統計誤差を反映

• 予測精度
クエーサー: OU processよりも高い
OU process: OU processと同等

 OU 

OU過程の予測

QSOの予測

OU
過
程
と
の
予
測
精
度
の
差

予
測
精
度

高
低

同
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解析: 特徴量と物理パラメータ
Autoencoder によって抽出された特徴量は光度変動の本質的な情報を含んでいることが示
唆された。ここから物理量に対する情報量を抽出するために、決定係数を最大化するように
MLPの学習い、最終的な決定係数への寄与を各特徴量の「重要度」と定義した。

抽出された特徴量と物理量の関係は非線形 → 多重回帰分析は不適
Multilayer perceptron model を
決定係数（R2）を最大とする学習

光度変動が持つ情報量

学習済みMLPを用いて 
各特徴量のR2への寄与を計算

物理量への重要度
重要度が高い AE feature を抽出
光度変動と各物理量の関係性を調査
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解析: 特徴量と物理パラメータ
AE feature と光度の関係を調査した結果、光度変動の非対称性に関係するAE featureの重
要度が高いことがわかった。また、光度が高いほど対称性が高いことが示唆された。

• 光度と光度変動の関係性を調査
- 赤方偏移と光度の相関を取り除くため
赤方偏移もinputに付加

- 重要度は赤方偏移からのR2の増分
- ``feature 14’’ : 変動の対称性と関係？
- 光度　 → 変動の対称性　

LBol
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解析: 光度変動対称性
クエーサーの光度変動対称性を従来の時系列解析手法を用いて確認した。その結果、統計的
に有意な光度変動の非対称性が確認され、また Feature 14 は短時間の光度変動対称性に
影響があるパラメータであることが分かった。

13

- Mock 光度曲線
有意な非対称性は確認されず

OU過程は変動が対称

- クエーサー光度曲線

短時間では増光の振幅が優勢
長時間では減光の振幅が優勢

有意な変動非対称性を確認

光度変動対称性の精査が必要

CHAPTER 3. RESULT 74

characteristics of the QSO light curves, and indicates a small asymmetry in the magnitude-direction.

On the other hand, the accuracy curve for the T-inverted dataset shows fascinating behavior. At the

beginning, the forecasting accuracy is higher than that for the original dataset, and then decreases

as ∆Tpred increases quickly to much lower value than that for the original dataset. The decreasing

of the accuracy is actually exhibited in the accuracy for the T-inverted dataset, and thus the trend is

probably systematic effect due to observation biases. However, the high forecasting accuracy at the

beginning by ∼ ∆Tpred = 30 days, is only shown in the QSO light curves. The high consistency among

the accuracies for three mock datasets until ∆Tpred ∼ 20 days indicates the change of the order of the

forecasting accuracy for the QSO datasets at the beginning is real, cannot attribute it to the systematic

effect.

To remove observation biases from the forecasting accuracies, we calculate the difference between

the accuracies for the QSO light curves and those for the mock light curves, which are shown in the

bottom panel in Figure 3.17. As the accuracies for the original and the M-inverted mock dataset is

almost same, the behavior of the separation between them is not changed for the QSO light curves.

Whereas, it become clear that the forecasting accuracy for the T-inverted QSO dataset is consistent

with that for the M-inverted dataset, except the beginning of the forecasting, where the accuracy

for the T-inverted QSO dataset is higher, even than that for the original QSO dataset. This result

possibly indicates the time-arrow, which have been also suggested in §3.3.2.3, §3.3.2.4, and §3.4.1.

If a hysteresis actually exists in the QSO light curves, the forecasting is easier for the T-inverted

dataset because the autoencoder architecture can use the information on the future behavior, which

is consequences of the hysteresis, to “forecast” the “past” flux behavior. The behavior of the accuracy,

therefore, possibly also support the existence of the time-arrow in the QSO light curves as with the

results we had shown in previous sections.

3.5 Asymmetry in the QSO light curves

The results with the autoencoder model suggest the existence of the variability asymmetry in the

QSO light curves. There are only a few observational/theoretical works in the literature which study

the variability asymmetry of QSOs. [49] introduced a structure function approach to estimate the

variability asymmetry adopting two structure functions (see Appendix A.5); SFic(τ) and SFdc(τ),

which only include pair epochs with brightening and fading flux, respectively. To quantify the

asymmetry, [49] defined an asymmetry parameter β(τ) as

β(τ) =
SFic(τ) − SFdc(τ)

SFtot(τ)
, (3.6)• Structure function をベースにした変動対称性の検定: 

(Kawaguchi98)

/17
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解析: 光度変動対称性
上下反転, 時間反転させた光度曲線に対してAutoencoderによるモデル化の精度を確認した
ところ、有意な違いが生じた。これはクエーサーの光度曲線が対称でないことを示唆する。

14

• 上下方向, 時間方向に反転させたクエーサー光度曲線のモデル化精度に有意な違い
(1)OU過程からの乖離, (2)増減光での物理過程の違い, (3)ヒステリシス を強く示唆

OU process

QSO light curve

時間反転

光度反転

時間（day） 時間（day）

予
測
精
度
　
　
　
　

予
測
精
度
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議論: Variability Asymmetry: DI model
降着円盤由来の変動をモデル化した Disk instability model に基づいた場合、観測された
光度変動非対称性を説明をすることが可能。

15
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2.3. T he Cellular-Automaton Model for the Disk Instability
For the disk-instability model, we consider an accretion-

disk atmosphere emitting a power-law X-ray spectrum that
is substantially Ñuctuating in time. Our hypothesis for gen-
erating the optical Ñuctuation is that some instability taking
place in the atmosphere leads to the optical variability.
According to this hypothesis, we adopt the cellular-
automaton model Ouchi, & Nishimori(Mineshige, 1994).
The resultant light curves and PDS produced by the model
are in good agreement with those of the observed Ñuctua-
tions. We pursue their calculation methods to produce Ñuc-
tuating light curves in the optical band, assuming that the
optical variability simply follows the X-ray variability with
little delay.

The procedure to calculate Ñuctuations is as follows (see
et al.Takeuchi 1995).

1. We divide the disk plane into numerous cells along the
two-dimensional circular coordinates (r, r). Each cell is thus
characterized by two coordinates, andr

i
(i \ 1 [ I) r

j
( j\

1 [ J). A larger i means a smaller radius (r
i`1

\ r
i
).

2. After choosing one cell randomly at the outermost
ring (i.e., i\ 1), we put a gas particle with a mass m into the
selected cell. This process represents a mass supply to the
disk that rotates around a supermassive black hole.

3. We choose one cell at each ring randomly and let a
small amount of mass, m@ > m, fall into the adjacent inner
cell with same r. This process corresponds to gradual
viscous di†usion and is needed to reproduce the observed
properties.

4. For unstable cells, where the mass density exceeds a
critical value that is given a priori, we let 3 mass particles
fall from that cell equally into three adjacent cells at the
adjacent inner ring. In other words, if the mass density at

exceeds a critical value [i.e., we set(r
i
,r

j
) M

i,j
[ M

crit
(r

i
)],

M
i,j

] M
i,j

[ 3m ,

M
i`1,jB1

] M
i`1,jB1

] m , (10)

M
i`1,j

] M
i`1,j

] m .

This process corresponds to an avalanche Ñow or a Ñare.
The inner cells may become unstable as the result of an
avalanche Ñow from above. In that case, a subsequent ava-
lanche Ñow can occur in a next time step (after repeating
procedures 2 and 3, above).

5. We repeat processes 2È4 over 104 times to remove the
e†ect of the initial condition and minimize statistical errors.
Each mass blob can travel over 1 mesh point at maximum
within 1 time step. shows a schematic view of thoseFigure 4
procedures.

It is known Tang, & Wiesenfeld that under(Bak, 1988)
such circumstances, the disk automaton will evolve to and
stay at a self-organized critical state. In this state, most
single Ñares calm down without triggering subsequent ava-
lanches, but some single Ñares trigger small-scale ava-
lanches over several radial mesh points. Furthermore,
although quite rarely, it is possible for a single Ñare to
trigger a large-scale avalanche involving almost the entire
region. The mass density in each cell always remains(M

i,j
)

slightly lower than the critical mass density thus the(M
crit

) ;
resultant light curve does not depend on the value of M

crit
.

Here, we adopt the two-dimensional disk that undergoes a
rigid rotation for simplicity, but it is easily demonstrated

FIG. 4.ÈSchematic view of our cellular-automaton model

that even if three-dimensional structure of the disk (i.e., r-,
r-, and z-directions) and the e†ects of di†erential rotation
are taken into account, the outcome will not change signiÐ-
cantly et al.(Takeuchi 1995).

In the present DI model, the time step is not a priori
speciÐed. To give timescales, we must specify disk models
that describe the dynamical behavior of atmosphere. For
example, if we relate this model to the advection-dominated
accretion Ñow (ADAF) model et al.(Abramowicz 1995 ;

& Yi Mineshige, & KusunoseNarayan 1995 ; Manmoto,
the characteristic timescale in the light curve corre-1997),

sponds to the accretion timescale, from toq
acc
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out
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inet al. The radial velocity of the ADAF(Manmoto 1996).

model is less than or comparable to the free-fall velocity,
though that of the standard accretion disk model is much
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the ADAF as
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We performed Monte Carlo simulations for several
parameter sets, following the cellular-automaton procedure.
Examples of the calculated light curves and structure func-
tions with a total time step of 8 ] 104 are shown in Figure

The model parameters are shown in here,5. Table 2 ;
m@\ 0.1m, means that the ratio of di†usion mass to inÑow

TABLE 2

SLOPES OF THE STRUCTURE FUNCTION,
b, FOR THE DISK-INSTABILITY MODEL

m@/m

r
in

:r
out

0.02 0.1 0.5

1 :4 . . . . . . . . . . . . . . 0.49 0.46 0.44
1 :20 . . . . . . . . . . . . . 0.43 0.42 0.41
1 :100 . . . . . . . . . . . . 0.42 0.42 0.41

NOTE.ÈHere, m@\ 0.1m means that the
ratio of di†usion mass to inÑow mass is 0.1,
and and denote the inner radius andr

in
r
outthe outer radii, respectively, of the calculated

disk region.
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FIG. 5.ÈSame as but for our cellular-automaton model for theFig. 3
disk instability. Here, the ratio of inner edge to outer edge of the disk

and m@/m (the ratio of di†usion mass to inÑow mass) isr
in

:r
out

\ 1 :20
labeled in each panel.

mass is 0.1, and and represent the inner radius andr
in

r
outouter radius of the calculated disk region, respectively. In

this model, we found that each [V (q)]1@2 increases in a
power-law fashion, [V (q)]1@2 P qb, at and Ñattens atq [ q

accthe timescale, as we have seen in the starburst model,q
acc

,
but the logarithmic slopes are systematically smaller than
those of the SB model : b D 0.41È0.49 (see withTable 2),
rather weak dependence on the parameters. These values
are closer to the observed ones. In the present DI model, the
resultant logarithmic slopes seem to depend both on the
characteristic luminosity proÐle of a largest scale avalanche
and on the distribution of avalanches with di†erent scales
(° 2.1).

We do not include relativistic e†ects in the present DI
model. However, such e†ects are substantial only for gas
blobs near the central massive black hole, where the
dynamical timescale isq

dyn
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Hence they may a†ect structure functions for day, butq [ 1
they cannot substantially change the overall shape for q[ 1
day. Consequently, we can conclude that the DI model is
favored over the SB model in explaining a well-observed

AGN light curve, which has the structure function slope of
b D 0.35.

3. ANALYSIS OF TIME ASYMMETRY

Two-point statistics (correlation function, structure func-
tion, or power spectrum) cannot deÐne an arrow of time
from data sets. Thus, whether the light curve favors rapid
rise (and gradual decay) or gradual rise (and rapid decay)
can in principle be measured by three-point statistical quan-
tities. To examine such a deviation from time symmetry,

& Rybicki simulated light curves by multiplePress (1997)
superposition with some rate, l, of a certain canonical shot
that has a simple time-asymmetric proÐle. They analyzed
and compared the light curves of 0957]561 and the simu-
lated ones in terms of three-point statistics, concluding that
simulated light curves with small l have large time asym-
metries, and consequently that the observed light curves
rule out the models with rates of superposition (l) that are
less than 90 yr~1.

To evaluate the time asymmetry of the light curve,
we adopt an alternative approach : we separate V (q) into
two parts, and (hereafter plus and minusV
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time ; thus approximately indicates the structure func-V
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tion of brightening phases, and, similarly, roughlyV
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expresses that of decaying phases.
If the data is produced by time-symmetric processes,
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other hand, a signiÐcant discrepancy would indicate a devi-
ation from time symmetry ; for example, V
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means that the light curve favors a rapid rise and gradual
decay.
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in the photometry (D^0.011 mag). All the results show
time asymmetry to some extent ; there is a signature of rapid
rise and slow decline, as expected from the single-event
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are closer to the observed ones. In the present DI model, the
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En
er
gy

• Disk instability model
- 降着円盤内の質量の拡散とアバランシェ
- 放射領域 小 → positive asymmetry (β>0)
- 放射領域 大 → negative asymmetry (β<0)
- 拡散質量 　→ asymmetry 　

Kawaguchi98

Kawaguchi98Takeuchi95

円盤内縁・拡散質量 小

円盤内縁・拡散質量 大

円盤外縁・拡散質量 小

円盤外縁・拡散質量 大

/17



CRTSはwhite filterを採用しているため、赤外 ̶ 紫外の放射が含まれる。紫外では
positive asymmetry、可視以降ではnegative asymmetryが観測されることが期待される。

議論: Variability Asymmetry: DI model

• 放射領域と光度変動対称性
- 紫外線: 円盤内縁の狭い領域

- 可視̶赤外: 円盤外縁の広い領域

早い変動 + positive asymmetry (β>0) 

遅い変動 + negative asymmetry (β<0)

• クエーサー光度と変動対称性
- 明るいクエーサー: 質量降着率 大

- ガス圧 大 (pV = nRT)
- ガスの粘性　
- 拡散質量　
- 光度対称性　 (アバランシェ回数　)

得られた示唆と矛盾なし
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17まとめ
• Autoencoder のクエーサー光度変動のモデル化への適用

- OU過程と遜色ないモデル化精度 
- OU過程よりも高い将来の変動の予測精度

クエーサー光度変動の潜在的な特徴量を獲得している

• Autoencoder が獲得した特徴量 (AE features) と物理量の関係
- 深層学習における「重要度」の定義手法の提案

赤方偏移と関係する AE feature の抽出により妥当性を確認

- クエーサー光度と光度変動対称性の関係を示唆
- クエーサー光度変動に非対称性の存在を示唆

非対称性の存在を慣習的な時系列解析の手法からも確認

• 光度変動非対称性は Disk instability model によって理解可能
- 光度非対称性は変動の波長に依存する放射領域サイズの違いに起因 
- 光度と対称性の関係は降着円盤内の拡散質量の大きさに起因

光度変動対称性を考慮に加えた詳細研究の必要性
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