
量子機械学習を用いた XMM-Newton  
カタログからの異常 X 線変動天体の検出

山田真也、酒井優輔  (立教大学)、

長瀧重博、松浦俊司 (理研)、

山田智史 (東北大)

川室 太希 (阪大)

(Kawamuro+25, ApJ, 987, 105)



/242

時間領域天文学と量子機械学習

LSST (on-going) UVEX (2030年)

- 2030 年代にかけて、大量の時系列データが出てくる 
- 超巨大ブラックホールに関わる降着現象を含め様々な突発現象が検出される予定  
- e.g., LSST → ~ 103 TDEs / 1 yr (Bricman+20) 

- 突発天体検出・分類手法の開発が急務 
- 機械学習を用いた手法が盛んに議論される (e.g., ALeRCE; Perez-Carrasco+23) 
- 我々も模索中 : 量子計算機を用いた量子機械学習 (QML) の可能性を研究

Quantum computer
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量子計算機について: 実データと量子状態

１bit ▶ どちらか 1 状態

▶ 量子計算機でのデータの表し方 (1例)

or
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量子計算機について: 実データと量子状態

１qubit
重ね合わせ状態
|Ψ > = α |0 > + β |1 >

▶ 同時に 2 状態 t = 0
t = tn

(α
β)

|α |2 + |β |2 = 1

▶ 量子状態 |Ψ> は(複素)球面上のベクトル 

▶ 量子計算機でのデータの表し方 (1例)
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量子計算機について: 実データと量子状態

１qubit
重ね合わせ状態
|Ψ > = α |0 > + β |1 >

▶ 同時に 2 状態 t = 0
t = tn

(α
β)

|α |2 + |β |2 = 1

▶ 量子状態 |Ψ> は(複素)球面上のベクトル 
▶ 例えば、角度として表現、時間変化も球面上の回転で表現可

▶ 量子計算機でのデータの表し方 (1例)
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本研究 : XMM の光度曲線データベースからの異常検知
- XMM の過去 ~ 24 年のデータから、異常な
変動を量子機械学習を用いて検出 

- 最新 4XMM-DR14 カタログ (Webb+20)

- 広い領域を (結果的に) サーベイした結果


- 全検出数 → ~ 104 万 (!= ユニーク天体数)


- 検出が確からしく光度曲線が作成された
検出数 → ~ 30 万


- 観測時間 > 30 ks & 平均 cts (0.2--12 keV) 
> 0.01 cts  → ~ 4 万 

A&A 641, A136 (2020)

and are therefore more sensitive. Secondly, they have also sur-
veyed the sky for a much longer period and thus they detect
many more sources. Chandra, which was launched in July 1999,
boasts a very extensive catalogue, the Chandra Source Cata-
log Release 2.0 (CSC 2.0; Evans et al. 2014; Chen et al. 2019;
Evans & Civano 2018; Wilkes et al. 2019) with 928 280 X-ray
detections, which are from 317 167 individual X-ray sources.
The Neil Gehrels Swift Observatory was launched in November
2004 and the 2SXPS catalogue (Evans et al. 2020) lists 1.1 mil-
lion detections, which are of 206 335 individual X-ray sources.
The major advantage of this catalogue is that it covers a large
field of view, that is 3790 deg2 of sky, and sources have been
pointed many times over the last 16 years. The first catalogue
of sources detected with the hard X-ray observatory, NuSTAR,
lists 497 sources after 40 months of observations (Lansbury et al.
2017).

This paper focuses on the catalogue of detections from the
European Space Agency’s second cornerstone mission from the
Horizon 2000 programme, XMM-Newton (Jansen et al. 2001),
which was launched twenty years ago on 10 December 1999.
It has the largest e↵ective area of any X-ray satellite (Ebrero
2019) thanks to the three X-ray telescopes aboard, each with
⇠1500 cm2 of geometric e↵ective area. This fact, coupled with
the large field of view (FOV) of 300 diameter, means that a sin-
gle pointing with the mean duration in the catalogue of 37 ks
detects 70–75 serendipitous X-ray sources. The catalogue of
serendipitous sources from overlapping XMM-Newton obser-
vations 4XMM-DR9s is described in paper X of this series
(Traulsen et al. 2020).

The XMM-Newton Survey Science Centre1 (SSC), a con-
sortium of ten European Institutes (Watson et al. 2001), has
developed much of the XMM-Newton Science Analysis Sys-
tem (SAS; Gabriel et al. 2004) used for reducing and analysing
XMM-Newton data and created pipelines to perform standardised
routine processing of the XMM-Newton science data. The XMM-
SSC also produces catalogues of all of the detections made with
XMM-Newton. The catalogues of X-ray detections made with the
three EPIC (Strüder et al. 2001; Turner et al. 2001) cameras that
are placed at the focal point of the three X-ray telescopes have
been designated 1XMM, 2XMM, and 3XMM (Watson et al.
2009), with incremental versions of these catalogues indicated
by successive data releases, denoted-DR in association with the
catalogue number. This paper presents the latest version of the
XMM catalogue, 4XMM, which spans 19 years of observations
made with XMM-Newton and includes many improvements with
respect to previous XMM-Newton catalogues. The most notable
change between 3XMM and 4XMM is the methodology used for
background modelling (see Sect. 3.4).

2. Catalogue observations

A total of 14041 XMM-Newton EPIC observations were pub-
licly available as of 1 March 2019, but only 11 204 of these
observations had at least one detection. 4XMM-DR9 is made
from the detections drawn from the 11 204 XMM-Newton EPIC
observations. The repartition of data modes for each camera and
observation can be found in Table 1. The Hammer-Aito↵ equal
area projection in Galactic coordinates of the 4XMM-DR9 fields
can be seen in Fig. 1. All of those observations containing >1 ks
clean data (>1 ks of good time interval for the combined EPIC
exposure) were retained for the catalogue. Figure 2 shows the
distribution of total good exposure time (after event filtering)

1 http://xmmssc.irap.omp.eu/

Table 1. Characteristics of the 11 204 XMM-Newton observations
included in the 4XMM-DR9 catalogue.

Camera Modes Filters Total

Full (a) Window (b) Other (c) Thin Medium Thick

pn 8462 683 1344 5640 4011 838 10 489
MOS1 8681 1950 373 5080 4943 981 11 004
MOS2 8728 1981 348 5120 4971 966 11 057

Notes. (a)Prime Full Window Extended (PFWE) and Prime Full Win-
dow (PFW) modes; (b)pn Prime Large Window (PLW) mode and any
of the various MOS Prime Partial Window (PPW) modes; (c)other pn
modes such as the Small Window, timing or burst modes, MOS modes
(Fast Uncompressed (FU), Refresh Frame Store (RFS)).

Fig. 1. Hammer-Aito↵ equal area projection in Galactic coordinates of
the 11 204 4XMM-DR9 fields.

for the observations included in the 4XMM-DR9 catalogue and
using any of the thick, medium or thin filters, but not the open
filter. Open filter data were processed but not used in the source
detection stage of pipeline processing. The same XMM-Newton

data modes were used as in 2XMM (Watson et al. 2009) and are
included in Table 2 of this paper, for convenience. The data in
4XMM-DR9 include 322 observations that were publicly avail-
able at the time of creating 3XMM-DR8, but were not included
in that version due to high background or processing problems.
Due to changes in the pipeline and in the background modelling,
these problems have been overcome and thus the data could be
included in 4XMM-DR9.

3. Data processing

Data processing for the 4XMM-DR9 catalogue was based on the
SAS version 18 and carried out with the pipeline version 182 and
the latest set of current calibration files at the time of processing
(February and March 2019).

The main data processing steps used to produce the 4XMM
data products were similar to those outlined in Rosen et al.
(2016), Watson et al. (2009) and described on the SOC web-
pages3. For all the 4XMM data, the observation data files were
processed to produce calibrated event lists. The optimised back-
ground time intervals were identified and using them, the filtered
exposures (taking into account exposure time, instrument mode,
etc.), multi-energy-band X-ray images, and exposure maps were
generated. The source detection was done simultaneously on all
2 https://www.cosmos.esa.int/web/xmm-newton/
pipeline-configurations
3 https://xmm-tools.cosmos.esa.int/external/xmm_
products/pipeline/doc/17.40_20181123_1545/modules/
index.html
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異常検知モデル: 古典 ver.

時間

明
る
さ

-過去のデータから未来のデータを予測し、実際のデータと比較し異常を検知する

-アルゴリズム Long-short term memory (LSTM: 長・短期記憶) を採用  

hi−1,0

hi−1,1
..

hi−1,n

？
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異常検知モデル: 量子 ver.
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量子回路を含む LSTM ユニット

= C̃

C̃
- 回転 
- 重ね合わせ
状態生成 

- 量子もつれ

: 量子回路 (演算子)
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学習 (通常) データと異常データ
- 教師 (通常) データ


- AGN の典型的な PSD を仮定し、逆
フーリエで生成 (~ 1000 data 相当)

(Timmer & Koenig 95) 
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学習 (通常) データと異常データ

- 異常 (検出テスト) データ 

- 既存の QPEs を強度、継続期
間、デューティ比で特徴付け


- それらを元にした確率分布から、
ランダムに QPE を生成し、教師
データに印加

(Timmer & Koenig 95) 

- 教師 (通常) データ

- AGN の典型的な PSD を仮定し、逆
フーリエで生成 (~ 1000 data 相当)
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再現例と異常検知例
- シミュレーションした光度曲線に対する、量子 LSTM モデルで再現と
異常な振る舞い (= フレア) の検知

- シミュレーション
データ 
- 予測データ w/o 
quant. noise  
- 予測データ w/ 
quant. noise

※ 5 ks 事に予言して比較 (= 一度に予言しているわけではない)
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再現例と異常検知例
- シミュレーションした光度曲線に対する、量子 LSTM モデルで再現と
異常な振る舞い (= フレア) の検知

- シミュレーション
データ 
- 予測データ w/o 
quant. noise  
- 予測データ w/ 
quant. noise

異常は説明できない 
→ 残差から異常検知
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4XMM-DR14 光度曲線からの異常検知
- 約 4 万の光度曲線から、113 個の異常変動の検出に成功 (古典だと ~ 85 個)



/2420

4XMM-DR14 光度曲線からの異常検知

24 Kawamuro et al.

Figure 14. Continued.

New QPE !?

- 約 4 万の光度曲線から、113 個の異常変動の検出に成功 (古典だと ~ 85 個)
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4XMM-DR14 光度曲線からの異常検知

24 Kawamuro et al.

Figure 14. Continued.

NGC 4395

- 約 4 万の光度曲線から、113 個の異常変動の検出に成功 (古典だと ~ 85 個)
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4XMM-DR14 光度曲線からの異常検知

Quantum machine learning for anomaly detection 23

Figure 14. Standardized XMM-Newton light curves in the 0.2–12 keV band (blue) and predicted ones (orange) based on the
QLSTM model constructed with ZZFeatureMap and C20. The lower panels show the absolute values of the di↵erences between
the real and predicted values. In each figure, the XMM-Newton name is denoted in the legend.

Shock break out 候補 (Alp+20)

- 約 4 万の光度曲線から、113 個の異常変動の検出に成功 (古典だと ~ 85 個)
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対応天体の探査
- 多波長(全天)カタログから対応
天体候補の探査 
- ROSAT (X線) 
- SkyMapper (可視光) 
- Pan-STARRS (可視光) 
- WISE (赤外)  

- 大部分は星が対応 
- 約 30% は、未分類 
- 興味のある人へカタログ公開 

異常検知天体 星

X-ra
y B

inar
yAGN

非検出/未分類

113

74

1

22

2
12

検出/未分類
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まとめ
- 大規模データの中から突発現象探査や検出された天体の分類手法の探査は急務 

- 機械学習が採用されるなか量子機械学習の可能性を模索 (TK+25, ApJ)  
- 量子版 LSTM (未来を予測し、比較から異常を検出) を採用 
- ※ 今回はシミュレーションベース (→ 量子計算機が busy) 

- 4XMM-DR14 の ~ 4 万光度曲線の中から、113 個の異常光度曲線を検知 
- QPE 候補、AGN、(shock break out) に加えて、多くの星 (フレア?) から検知か 
- 33 イベントについては ROSAT/WISE/Pan-STARRS/WISE で不明な対応天体・事象 

- 展望 : 検出天体の精査、異なる量子機械学習手法の模索や、長期変動 (~ 異なるデータ
セットで) の探査 ... 
- (一緒に議論して頂ける人の募集)


