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TOWARD ROBUST DETECTION
OF A FAINT NARROW LINE IN X-RAYS –
THE ROLE OF CONTINUUM-INDUCED SYSTEMATICS
Some of recent detections of a narrow emission line at ∼3.5 keV have been accompanied by
subsequent non-detections in the same sources, raising discussion about the actual level of systematic errors. In this paper, we study the systematics caused by an imperfect knowledge of a
continuum model. Our simple theoretical estimate and detailed modeling of simulated spectra
allow us to calculate the value of this “continuum-induced” systematics for the first time. We
show that, for some objects such as the M31 central part or the Draco dwarf spheroidal galaxy,
the obtained level of systematics within a well-defined continuum model allows one to fully reconcile the controversial results claimed previously by different groups of authors. To minimize
the effect of “continuum-induced” systematics, we show that one should reasonably decrease
the size of the spectral bin and increase the modeled energy range.
K e y w o r d s: X-rays, general line, identification of the dark matter.

1. Introduction
Detecting faint narrow spectral features in continuum spectra is a long-standing problem in astronomy, see e.g. [1–8]. The particular case of our interest is the search for the dark matter decay line in
X-rays. According to the recent review [9], the most
promising line as a candidate representing the radiatively decaying dark matter in X-rays is the unidentified narrow emission line at ∼3.5 keV. Bulbul et al.
[10] reported this line in the stacked spectra of nearby
galaxy clusters observed by the XMM-Newton X-ray
observatory [11] and in the central part of the Perseus
cluster observed by the XMM-Newton and Chandra [12] X-ray observatories. Boyarsky et al. [13] reported the presence of this line in the central part
of the Andromeda galaxy and in the Perseus cluster
outskirts observed by XMM-Newton. At the moment,
there is an apparent inconsistency between the rec D.O. SAVCHENKO, D.A. IAKUBOVSKYI, 2017
○
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sults about the flux and significance of the ∼3.5 keV
line claimed by different groups. For example, the
authors in [14] have found a much less significant
line in the Andromeda galaxy using the same dataset
as [13], see also [15, 16] for discussion. Two recent papers [17, 18] reported controversial results about the
presence of the ∼3.5 keV line in a prolonged XMMNewton observation of the Draco dwarf spheroidal
galaxy. Jeltema and Profumo [17] find no evidence
for the line in both imaging spectrometers on-board
XMM-Newton – MOS [19] and PN [20]. Ruchayskiy
et al. [18] reported the presence of a line-like feature
in PN (but not in MOS) with properties expected
from the decaying dark matter hypothesis. The further detection of ∼3.5keV line in Suzaku [21] observations of the central part of the Perseus cluster
by [22, 23] is followed by a non-detection claims using Suzaku [24] and Hitomi data [25]. In addition,
while [26] reported the presence of a weak (2𝜎) line
in a stacked Suzaku dataset of galaxy clusters, [27,28]
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have not detected the line at ∼3.5 keV using different combined samples of dark matter-dominated
objects observed by XMM-Newton and Chandra, respectively, although [26–28] reported that the statistics and (for the sample of [27]) the total exposure
time of the datasets used in their analysis are much
less as compared to [10].
The aim of this paper is to address some of the
above-mentioned controversies about the (non-)detection of faint narrow spectral features in more details. In Sec. 2, we identify the origin of the “continuum-induced” systematics, which should be taken
into account when searching for a faint narrow spectral feature, and derive the simple analytic expression to estimate its numerical value. In Sec. 3, we
develop a more detailed estimate based on a set of
dedicated numerical simulations of X-ray spectra for
objects of our interest. In Sec. 4, we present our results summarized in Table 2 and able to resolve some
of the apparent controversies between the claims of
different groups about the fluxes and significances of
the ∼3.5 keV line: namely, in the central part of the
Andromeda galaxy [13, 14], the central part of the
Perseus galaxy cluster [10, 22–24, 29], and the Draco
dwarf spheroidal galaxy [17, 18]. Finally, in Sec. 5, we
discuss our results.
2. Simple Analytic Estimate
To estimate the value of the continuum-induced systematics, we assume a flat featureless continuum Xray spectrum 1 observed during the exposure time
𝑇exp by an instrument with energy resolution Δ𝐸line
and effective area 𝐴eff .
Being modeled over the energy range Δ𝐸, it corresponds to 𝑛 spectral bins given the bin size 𝐸bin =
= Δ𝐸/𝑛. The difference of 𝜒2 statistics between the
actual and best-fit models is given by
Δ𝜒2 ≡ 𝜒2actual − 𝜒2best-fit =

𝑛
∑︁
(𝑁mod,𝑖 − 𝑁𝑖 )2
𝑖=1

𝑁𝑖

.

(1)

Here, we assume Δ𝜒2 = 9, which corresponds to, e.g.,
3𝜎 significance for 1 extra degree of freedom, 2.5𝜎 for
2 extra degrees of freedom, etc.
1

Note that the results obtained in this section are very general
and can be directly applied not only to X-rays, but also
to other energy ranges of electromagnetic radiation (such
as optical, UV, and 𝛾-rays), as well as to other species of
detected particles (such as cosmic rays and neutrinos),
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By assuming that the continuum changes by the
same ratio for all bins 2 , i.e., 𝑁mod,𝑖 /𝑁𝑖 = const,
where 𝑁𝑖 = 𝑇exp 𝐹cont,𝑖 𝐸bin is the number of continuum counts in the 𝑖-th bin, 𝑁mod,𝑖 is the number
of modeled continuum counts in the same bin, we get
3
𝑁𝑖 .
𝑁mod,𝑖 − 𝑁𝑖 =
𝐶cont 𝑇exp
∑︀
Here, 𝐶cont =
𝑁𝑖 𝑇exp is the total continuum rate
(in cts/s) over the whole modeling range,
√︀ and the
factor 3 comes from the chosen value of Δ𝜒2 . Then
the difference in line counts will be
∑︁
𝐹cont Δ𝐸line 𝑇exp
Δ𝑁line ≡
(𝑁mod,𝑖 − 𝑁𝑖 ) = 3
,
𝐶cont 𝑇exp
line

and the uncertainty on the line flux Δ𝐹line,est ph/cm2/s
is estimated as
𝐹cont
Δ𝐸line
(2)
× 1/2 1/2 ,
Δ𝐹line,est ≃ 3
𝐴eff
𝑇exp 𝐶cont
where 𝐹cont is the continuum level 3 (in cts/s/keV)
near the line. Note that Eq. (2) is valid for statistically independent bins, which is true, if the minimal
number of counts per spectral bin is larger than 20, so
the usage of 𝜒2 statistics is justified, see, e.g., Sec. 6.5
of [30] for details.
As a result, to decrease Δ𝐹line,est , one needs to:
1. increase the energy resolution (scales as Δ𝐸line );
2. increase the effective area (scales as 𝐴−1
eff );
3. increase the observation exposure time (scales as
−1/2
𝑇exp );
4. decrease the continuum level (scales as
1/2
𝐹cont /𝐶cont );
5. increase the modeled energy range (scales as
−1/2
𝐶cont ).
The first two options can be reached by new better
instruments, for example, Micro-X sounding rocket
experiment [31], Soft X-ray spectrometer (SXS) [32]
2

3

Figure 1 shows that this assumption works reasonably well
for objects modeled by a single continuum folded with instrumental response, such as M31 center; for more complex
continuum models (e.g., the 2-component model of Draco
dSph), this clearly gives us an underestimate, and detailed
simulations should be performed instead.
Note that if one redefines 𝐹cont = 𝑓cont 𝐴eff (as it should be,
if cosmic radiation dominates the background rate), the estimated value Δ𝐹line,est given by Eq. (2) will be proportional
to (𝐴eff 𝑇exp )−1/2 , similarly to expectations.
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Table 1. The models used when fitting the simulated data
Object

Fitting interval, keV

M31

2–2.7, 3–8.1

M31

3–4

Draco

2.4–7, 10–11

Draco

2.5–5

Xspec model

Values of continuum parameters

Model 1: sky gaussian + plaw35
Model 2: back plaw35

PhoIndex = 1.706, norm = 1.17 × 10−3
ph
PhoIndex = 0.397, norm = 0.0585 s keV

Model 1: sky gaussian
Model 2: back plaw35

ph
PhoIndex = 1.414, norm = 0.4 s keV

Model 1: sky phabs*cflux*powerlaw +

nH = 0.0225 × 1022

+ gaussian
Model 2: back plaw35

erg
lg10flux = 0.32 × 10−11 cm
2s
PhoIndex = 0.355, norm = 0.1919

Model 1: sky gauss
Model 2: back plaw35

ph
PhoIndex = 0.55, norm = 0.24 s keV

atoms
,
cm2

ph
cm2 s keV

PhoIndex = 1. 59
ph
s keV

Table 2. A summary of the ∼3.5 keV line flux (𝐹line ) measurements and calculations
of the continuum-induced systematics for the central part of the Andromeda galaxy and the Draco
dwarf spheroidal galaxy, based on our estimate Eq. (2) (Δ𝐹line,est ) and detailed
simulations described in Sec. 3 (Δ𝐹line ) analyzed in this paper
Reference for 𝐹line
measurement

𝐹line ,
10−6 ph/cm2 /s

Δ𝐸,
keV

𝐸bin ,
eV

Δ𝐹line,est ,
10−6 ph/cm2 /s

Δ𝐹line ,
10−6 ph/cm2 /s

M31, 14’ circle, XMM-Newton/MOS, see left Fig. 1
Boyarsky et al. [13]

4.9+1.6
−1.3

8.0

60

0.56

0.9

Jeltema and Profumo [14]

2.1+1.5
−1.5

1.0

5

1.16

1.5

Draco dwarf spheroidal galaxy, 14’ circle, XMM-Newton/PN, see right Fig. 1
Ruchayskiy et al. [18]
Jeltema and Profumo [17]

1.65+0.67
−0.70

5.6

65

0.22

0.45

.2.5

2.5

5

0.31

0.72

on-board Hitomi (former Astro-H ) mission [33] 4 , Xray Integral Field Unit (X-IFU) [35, 36] on-board
planned Athena mission [37,38], the eROSITA instrument on-board planned Spektrum-Röntgen-Gamma
mission [39], and the Large Area Detector (LAD) onboard proposed LOFT mission [40], see also [41–49]
for more details. The next two possibilities can be addressed by prolonged observations (with larger 𝑇exp )
of fainter objects (with both smaller 𝐹cont and 𝐶cont ).
Finally, the last option depends entirely on our modeling procedure and thus can be optimized without
choosing new instruments and/or observations.
3. Simulations
To precisely calculate the values of Δ𝐹line , we performed a dedicated set of simulations of spectra from
4

Before being broken apart, Hitomi has already observed the
Perseus cluster [25, 34].
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objects of our interest, see Table 2. The corresponding XMM-Newton and Suzaku best-fit models and instrumental responses were taken from actual spectra
of [13, 18, 29] and [23], respectively.
The used models are summarized in Table 1.
The added line had the normalization of 3 ×
× 10−5 ph cm−2 s−1 and the position at 3.55 keV.
Gaussian line Sigma is fixed at 0.001 keV value. The
gaussian fit parameters were chosen correspondingly. The model definitions are given in Xspec notation. The plaw35 model is the redefined powerlaw
model with the normalization given at 3.5 keV. In
each simulation, the first model component is folded
with instrumental response, while the second one is
unfolded. When modeling over the wide energy range,
the second model component accounts for the instrumental response. The modeling in a narrow energy
range, as was used in [14, 17] is, in general, not physically motivated, and the unfolded component deISSN 2071-0194. Ukr. J. Phys. 2017. Vol. 62, No. 7
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scribes the general continuum behavior. We do not
include the other astrophysical lines in the simulation procedure, because there is no strong lines in
modeled objects in the region of interest, so this will
not affect the obtained results.
By using the fakeit procedure from PyXspec
v. 1.1.0 [50], we generated 100 independent realizations of X-ray spectra for each object, added the
specially generated spectrum from a narrow emission line located at 3.5 keV to them, and re-grouped
the obtained spectra by larger spectral bins with the
help grppha v.3.0.1, a part of HEASOFT v. 6.18. For
each simulation, we allowed the number of counts in
each bin to vary among the realizations according
to the Gaussian distribution 5 . All simulated spectra
were then modeled with the same best-fit continuum
model, by using the energy range Δ𝐸 indicated in
Table 2. The model parameters are then calculated in
Xspec by minimizing the total 𝜒2 of the fit. After that,
we calculated maximal variations of the continuum
normalization at 3.5 keV allowed by the Δ𝜒2 = 9,
by using steppar procedure of PyXspec, and the minimal and maximal best-fit normalizations of Gaussian component corresponding to extreme variations
of the background continuum (which is the sum of
cosmic and instrumental background components and
the source emission component). Finally, we derive
the value of Δ𝐹line as the semidifference between
the largest and smallest best-fit normalizations of the
Gaussian component averaged through 100 independent realizations.
4. Results and Conclusions
Our main results are summarized in Table 2, which
contains information about the reported measurement of the ∼3.5 keV line flux (𝐹line ), and calculations of continuum-induced systematics based on
our estimate Eq. (2) (Δ𝐹line,est ) and detailed simulations described in Sec. 3 (Δ𝐹line ). As one can
see, the resulting values of Δ𝐹line obtained for the
M31 central part by XMM-Newton/MOS cameras
and the Draco dwarf spheroidal galaxy by XMMNewton/PN camera allow us to reconcile the positive detections of [13, 18] with corresponding non5

We have checked that the minimal number of counts per
spectral bin in all spectra of our interest is larger than 20,
so the distribution of counts is Gaussian, and the usage of
𝜒2 statistics is justified, see, e.g., Sec. 6.5 of [30] for details.
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detections of [14,17]. Because the values of Δ𝐹line obtained for non-detections of [14, 17] are significantly
larger than the corresponding values of Δ𝐹line obtained for detections of [13,18] (mostly, due to a much
smaller modeled energy range Δ𝐸 used in [14, 17],
as Eq. (2) demonstrates), we conclude that the fact
of positive detections of [13, 18] is not affected by
the presence of the continuum-induced systematics. On the contrary, taking this effect into account
should significantly weaken the upper bounds on the
dark matter decay lifetime inferred, e.g., by [17], by
making them consistent with positive detections obtained by other groups. The fitting intervals used in
simulations were chosen strictly the same as provided in Table 2. The other values of Δ𝐸 were not
tested, since the direct investigation of the dependence of a systematics on the fitting interval is not
our point. However, it was mentioned that the obtained level of the systematics is lower for wider fitting intervals.
In addition, Figure shows the values of Δ𝐹line
reconstructed from our simulations of the central
part of the Andromeda galaxy and the Draco dwarf
spheroidal galaxy (dSph), respectively. For both objects, the calculated values of Δ𝐹line allow us to
fully reconcile the new line detections claimed by [13,
18] with its non-detections claimed by different
groups [14, 17]. Indeed, let us consider the measure−6
ment of 𝐹line,Draco,R15 = 1.65+0.67
ph/cm2 /s
−0.70 × 10
in Draco dSph reported by [18]. By using reasonably
wide spectral bins (65 eV per bin) and the modeled
energy range, the results of [18] were affected by a
relatively small value of the model-induced systematics, Δ𝐹line,Draco,R15 = 0.45 × 10−6 ph/cm2 /s (see
the filled circle on the right of Figure, which constitutes only about 35% of their best-fit flux value
or ∼0.8 of purely statistical errors. In contrast to
that, much narrower spectral bins (5 eV per bin)
and the modeled energy range were used in [17],
which results in a much larger value of the systematics, Δ𝐹line,Draco,JP16 ≃ 0.72 × 10−6 ph/cm2 /s, see the
square on the right of Figure, which can easily “hide”
the line observed by [18].
The same is true for the central observations of
the Andromeda galaxy: while the result of [13],
−6
𝐹line,M31,B14 = 4.9+1.6
ph/cm2 /s remains prac−1.3 × 10
tically unaffected by the continuum-induced systematics (Δ𝐹line,M31,B14 = 0.9 × 10−6 ph/cm2 /s, see
the filled circle on the left of Figure) due to their
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0.9
M31 MOS, CXB+NXB, range 2-10 keV
M31 MOS, NXB only, range 3-4 keV

2

∆Fline, 10-6 ph cm-2 s-1

∆Fline, 10-6 ph cm-2 s-1

2.2

1.8
1.6
1.4
1.2
1
0.8
0.6

Draco PN, CXB+NXB, 2.4-7 and 10-11 keV
Draco PN, NXB only, 2.5-5 keV

0.8
0.7
0.6
0.5
0.4
0.3
0.2

0.4
0

20

40
60
Ebin, eV

80

100

0

20

40
60
Ebin, eV

80

100

Mean fractional deviation Δ𝐹line (solid lines) for the central part of the Andromeda galaxy observed by XMM-Newton/MOS [13–
16] (left) and for the Draco dSph observed by XMM-Newton/PN camera [17, 18] (right), as a function of the spectral bin size
𝐸bin . The corresponding numerical estimates (independent of 𝐸bin ) obtained from Eq. (2) are shown by horizontal dashed lines.
Contrary to them, the values of Δ𝐹line obtained from the simulations slightly grow with 𝐸bin , according to the expectations
from [51]. Circles and squares denote the corresponding values of Δ𝐹line for specific spectral bin sizes mentioned in Table 2

wide spectral bins (60 eV per bin) and the modeled energy range, the subsequent study of [14]
claiming 𝐹line,M31,JP15 = (2.1 ± 1.5) × 10−6 ph/cm2 /s
is much stronger affected, Δ𝐹line,M31,JP15 = 1.5 ×
× 10−6 ph/cm2 /s, see also the square on the left of
Figure.
Δ𝐹line was obtained from simulations with fitting
intervals just as those used in corresponding articles. As was mentioned, the wider the fitting interval, the lower the systematic error. As the main point
of this article was to numerically quantify the uncertainty in those specific models, but not its strict
dependence on Δ𝐸, the additional fitting interval
widths were not tested in our simulations. However,
the dependence of the systematic uncertainty on the
energy bin size was obtained in simulations and is
provided in Figure.
Note that small energy bins are not statistically
independent, because of a relatively poor energy resolution of instruments. The difference between the
simple estimate from Eq. 2 and the simulated values can at least partially originate from this statistical dependence. The selection of Δ𝜒2 = 9 is
poorly motivated in this case. To account this, we
have simulated 5000 samples of M31 spectra and
have obtained best-fit values of the line normalization for each of them, using Δ𝐸 = 8 keV, Δ𝐸line =
= 5 eV. The dispersion of the obtained values is equal
to ∼10−6 ph cm2 s−1 , which gives another estimate
of Δ𝐹line close to the value obtained in our analysis
(0.84 × 10−6 ph cm2 s−1 ). Such estimation does not
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require an assumption on the statistical independence
of energy bins.
5. Discussion
We identify the new source of systematics on the flux
of the narrow X-ray line in background-dominated
spectra. The origin of this “continuum-induced” systematics is a variance of the background modeling
statistics, i.e. the background with slightly changed
normalization is still allowed by the model statistics. In turn, this would affect the flux of the reported new line. By performing both simple estimates
and detailed simulations, we show that this new type
of the systematics is able to reconcile the controversial results on the Draco dwarf spheroidal galaxy
(dSph) and the Andromeda galaxy obtained by different groups.
As Figure demonstrates, it is possible to decrease
the level of “continuum-induced” systematics by applying smaller spectral bins (according to the effect described in [51]) and wider modeling energy
ranges. However, both options should be used with
caution. For example, using coarser spectral bins often helps to find a better continuum model due to
the clearer visual inspection of adjacent line residuals. Similarly, the modeling range extension to the energies with large systematic uncertainties (e.g., dominated by bright or imperfectly modeled instrumental
features) will decrease the quality of a fit and, as a
result, the robustness of the obtained best-fit model.
ISSN 2071-0194. Ukr. J. Phys. 2017. Vol. 62, No. 7
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Finally, it is important to note that the discrepancies between some measurements cannot be resolved,
by using our method. The most important of them is
the non-observations of 3.5 keV line in the Perseus
cluster by Suzaku [24] and, more recently, Hitomi [25], which are apparently in conflict with other
meaurements performed by XMM-Newton [10, 29],
Chandra [10] and Suzaku [22,23]. For example, for the
Hitomi observation of the 3.5 keV line, our estimate
of the line uncertainty gives Δ𝐹line,est ≃ 2.8 × 10−6
ph/cm2 /s, much smaller than the apparent discrepancy between XMM-Newton/MOS and Hitomi /SXS
measurements, as Fig. 3 of [25] demonstrates. We will
study the systematic effects in such objects in a separate study.
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Д.О. Савченко, Д.А. Якубовський
ДО ПРОЦЕДУРИ ТОЧНОГО ПОШУКУ СЛАБКОЇ
ВУЗЬКОЇ ЛIНIЇ В РЕНТГЕНIВСЬКОМУ СПЕКТРI –
РОЛЬ СИСТЕМАТИКИ, СПРИЧИНЕНОЇ
МОДЕЛЮВАННЯМ КОНТИНУУМУ
Резюме
За деякими з недавнiх детектувань вузької лiнiї випромiнювання на ∼3,5 кеВ послiдували дослiдження, що показали вiдсутнiсть лiнiї в тих самих джерелах. Це спричинило
дискусiї стосовно рiвня систематичних похибок. В цiй статтi
ми дослiджуємо систематику, що спричинена недосконалим
знанням моделi континууму. Проста теоретична оцiнка та
детальне моделювання симульованих спектрiв дозволяють
нам вперше визначити величину цiєї систематичної похибки. Показано, що для деяких об’єктiв з добре визначеною
моделлю континууму, таким як галактика Андромеди, карликова сферична галактика Драко, отриманий рiвень систематики дозволяє привести у вiдповiднiсть спiрнi результати
рiзних груп авторiв. Показано, що для зменшення ефекту
систематики, спричиненої моделюванням континуума, необхiдно зменшувати розмiр енергетичного бiну в спектрi та
збiльшувати iнтервал енергiй при моделюваннi.
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