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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 sys-
tematic 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 M81 central part or the Draco dwarf spheroidal galazxy,
the obtained level of systematics within a well-defined continuum model allows one to fully rec-
oncile 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.
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1. Introduction

Detecting faint narrow spectral features in contin-
uum spectra is a long-standing problem in astron-
omy, see e.g. [1-8]. The particular case of our inter-
est 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 radia-
tively decaying dark matter in X-rays is the uniden-
tified 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 Chan-
dra [12] X-ray observatories. Boyarsky et al. [13] re-
ported 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 re-
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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 pa-
pers [17, 18] reported controversial results about the
presence of the ~3.5 keV line in a prolonged XMM-
Newton 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 fur-
ther detection of ~3.5keV line in Suzaku [21] ob-
servations of the central part of the Perseus cluster
by [22, 23] is followed by a non-detection claims us-
ing Suzaku [24] and Hitomi data [25]. In addition,
while [26] reported the presence of a weak (20) 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 dif-
ferent combined samples of dark matter-dominated
objects observed by XMM-Newton and Chandra, re-
spectively, although [26-28] reported that the statis-
tics 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-)de-
tection of faint narrow spectral features in more de-
tails. In Sec. 2, we identify the origin of the “conti-
nuum-induced” systematics, which should be taken
into account when searching for a faint narrow spec-
tral feature, and derive the simple analytic expres-
sion 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 re-
sults 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 sys-
tematics, we assume a flat featureless continuum X-
ray spectrum® observed during the exposure time
Texp by an instrument with energy resolution A Ejiye
and effective area A.g.

Being modeled over the energy range AFE, it cor-
responds to n spectral bins given the bin size Fy;, =
= AE/n. The difference of x? statistics between the
actual and best-fit models is given by

(Nmod.i - Nz)2
sz = Xictual - X%)est—ﬁt = Z # (1)
i=1 v

n

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

-

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 y-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 N; = Texp Feont,i Ebin is the number of con-
tinuum counts in the i-th bin, Ny,0q,; is the number
of modeled continuum counts in the same bin, we get

3
N, ; — N; = ————Nj.
mod,i % CcontTcxp %
Here, Ceont = Y N; Texp is the total continuum rate
(in cts/s) over the whole modeling range, and the
factor 3 comes from the chosen value of \/Ax?2. Then
the difference in line counts will be

FcontAElineTex

— %

A]Vline = E (Nmod,i )
line C’contT'cxp

—N;)=3
and the uncertainty on the line flux A Fijpe est ph/cm?/s
is estimated as
A-Eline Fcont

A THECUE .

€xXp “~cont

A-Fline,est ~3

where Fiopy is the continuum level® (in cts/s/keV)
near the line. Note that Eq. (2) is valid for statisti-
cally independent bins, which is true, if the minimal
number of counts per spectral bin is larger than 20, so
the usage of x? statistics is justified, see, e.g., Sec. 6.5
of [30] for details.

As a result, to decrease AFjipe est, One needs to:

1. increase the energy resolution (scales as A Ejine);

2. increase the effective area (scales as A7 );

3. increase the observation exposure time (scales as

—1/2
Texp'");
4. decrease the continuum level (scales as
1/2
FCOIlt/Ccc{nt);
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 Figure 1 shows that this assumption works reasonably well

for objects modeled by a single continuum folded with in-
strumental 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.

3 Note that if one redefines Feont = feont At (as it should be,
if cosmic radiation dominates the background rate), the esti-
mated value AFjine est given by Eq. (2) will be proportional
to (AegTeXp)71/2, similarly to expectations.
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Table 1. The models used when fitting the simulated data

Object | Fitting interval, keV Xspec model Values of continuum parameters
M31 2-2.7, 3-8.1 Model 1:sky gaussian + plaw35 Pholndex = 1.706, norm = 1.17 x 1073 ﬁ
Model 2: back plaw35 Pholndex = 0.397, norm = O.OSBSSE:V
M31 34 Model 1:sky gaussian
Model 2: back plaw35 Pholndex = 1.414, norm = 0.4SE:V
Draco 2.4-7,10-11 Model 1:sky phabs*cflux*powerlaw + | nH = 0.0225 x 1022 %, Pholndex = 1. 59
+ gaussian lgl0flux = 0.32 x 10~ 11 %
Model 2: back plaw35 Pholndex = 0.355, norm = 0.1919 %
Draco 2.5-5 Model 1:sky gauss
Model 2: back plaw35 Pholndex = 0.55, norm = 0.24%

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) (AFjine,est) and detailed

simulations described in Sec. 3 (AFjine) analyzed in this paper

Reference for Fjjpe
measurement

Fiincv

10~6 ph/cm? /s

AE, Eypin,
keV eV

AF‘linc,cstv
10=6 ph/cm? /s

AF‘linc’
10=6 ph/cm? /s

M31, 14’ circle, XMM-Newton/MOS, see left Fig. 1

Boyarsky et al. [13] 49115 8.0 60 0.56 0.9

Jeltema and Profumo [14] 2.17:%:2 1.0 5 1.16 1.5
Draco dwarf spheroidal galaxy, 14’ circle, XMM-Newton /PN, see right Fig. 1

Ruchayskiy et al. [18] 1651057 5.6 65 0.22 0.45

Jeltema and Profumo [17] <2.5 2.5 5 0.31 0.72

on-board Hitomi (former Astro-H) mission [33]%, X-
ray Integral Field Unit (X-IFU) [35, 36] on-board
planned Athena mission [37,38], the eROSITA instru-
ment on-board planned Spektrum-Rdontgen-Gamma
mission [39], and the Large Area Detector (LAD) on-
board proposed LOFT mission [40], see also [41-49]
for more details. The next two possibilities can be ad-
dressed by prolonged observations (with larger Teyp)
of fainter objects (with both smaller F,ont and Ceont)-
Finally, the last option depends entirely on our mod-
eling procedure and thus can be optimized without
choosing new instruments and/or observations.

3. Simulations

To precisely calculate the values of AFjjne, we per-
formed 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 correspond-
ing XMM-Newton and Suzaku best-fit models and in-
strumental 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 X
x 107 phecm~2s~! and the position at 3.55keV.
Gaussian line Sigma is fixed at 0.001 keV value. The
gaussian fit parameters were chosen corresponding-
ly. The model definitions are given in Xspec nota-
tion. 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 instru-
mental response. The modeling in a narrow energy
range, as was used in [14,17] is, in general, not phys-
ically motivated, and the unfolded component de-
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scribes the general continuum behavior. We do not
include the other astrophysical lines in the simula-
tion procedure, because there is no strong lines in
modeled objects in the region of interest, so this will
not affect the obtained results.

By wusing the fakeit procedure from PyXspec
v. 1.1.0 [50], we generated 100 independent realiza-
tions of X-ray spectra for each object, added the
specially generated spectrum from a narrow emis-
sion 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®. All simulated spectra
were then modeled with the same best-fit continuum
model, by using the energy range AF indicated in
Table 2. The model parameters are then calculated in
Xspec by minimizing the total x2 of the fit. After that,
we calculated maximal variations of the continuum
normalization at 3.5 keV allowed by the Ay? = 9,
by using steppar procedure of PyXspec, and the min-
imal and maximal best-fit normalizations of Gaus-
stan 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 AFj,. as the semidifference between
the largest and smallest best-fit normalizations of the
Gaussian component averaged through 100 indepen-
dent realizations.

4. Results and Conclusions

Our main results are summarized in Table 2, which
contains information about the reported measure-
ment of the ~3.5 keV line flux (Fline), and calcu-
lations of continuum-induced systematics based on
our estimate Eq. (2) (APFiineest) and detailed sim-
ulations described in Sec. 3 (AFjne). As one can
see, the resulting values of AF},, obtained for the
M31 central part by XMM-Newton/MOS cameras
and the Draco dwarf spheroidal galaxy by XMM-
Newton /PN camera allow us to reconcile the pos-
itive detections of [13, 18] with corresponding non-

5 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
x? 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 A Fjj,e ob-
tained for non-detections of [14, 17] are significantly
larger than the corresponding values of AFj,. ob-
tained for detections of [13,18] (mostly, due to a much
smaller modeled energy range AE 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 systemat-
ics. 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 ob-
tained by other groups. The fitting intervals used in
simulations were chosen strictly the same as pro-
vided in Table 2. The other values of AE were not
tested, since the direct investigation of the depen-
dence of a systematics on the fitting interval is not
our point. However, it was mentioned that the ob-
tained level of the systematics is lower for wider fit-
ting intervals.

In addition, Figure shows the values of AFjje
reconstructed from our simulations of the central
part of the Andromeda galaxy and the Draco dwarf
spheroidal galaxy (dSph), respectively. For both ob-
jects, the calculated values of AFj,. 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-
ment of Fline pracor1s = 1.6575% x 107%ph/cm? /s
in Draco dSph reported by [18]. By using reasonably
wide spectral bins (65 €V per bin) and the modeled
energy range, the results of [18] were affected by a
relatively small value of the model-induced system-
atics, APFlineDracor1s = 0.45 x 107%ph/cm? /s (see
the filled circle on the right of Figure, which con-
stitutes 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 €V per bin)
and the modeled energy range were used in [17],
which results in a much larger value of the systemat-
ics, AFline Draco.gp16 = 0.72 x 10~%ph/cm? /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],
Fline 31,814 = 4.971°5 x 107%ph /cm? /s remains prac-
tically unaffected by the continuum-induced system-
atics (AFinems1pia = 0.9 x 1075ph/cm?/s, see
the filled circle on the left of Figure) due to their
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Mean fractional deviation AFjje (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
Epin. The corresponding numerical estimates (independent of Eyiy,) obtained from Eq. (2) are shown by horizontal dashed lines.
Contrary to them, the values of AFjj,e obtained from the simulations slightly grow with E};,, according to the expectations
from [51]. Circles and squares denote the corresponding values of AF};, for specific spectral bin sizes mentioned in Table 2

wide spectral bins (60 eV per bin) and the mod-
eled energy range, the subsequent study of [14]
claiming Fiine m31,5p15 = (2.1 £ 1.5) x 10~%ph/cm? /s
is much stronger affected, AFijinemsi,jp1s = 1.5X%
x 1075ph/cm? /s, see also the square on the left of
Figure.

AFjine was obtained from simulations with fitting
intervals just as those used in corresponding arti-
cles. As was mentioned, the wider the fitting inter-
val, the lower the systematic error. As the main point
of this article was to numerically quantify the un-
certainty in those specific models, but not its strict
dependence on AFE, 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 res-
olution of instruments. The difference between the
simple estimate from Eq. 2 and the simulated val-
ues can at least partially originate from this sta-
tistical dependence. The selection of Ay? = 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 normaliza-
tion for each of them, using AF = 8 keV, AFEjn. =
= 5 eV. The dispersion of the obtained values is equal
to ~107% phem? s™!, which gives another estimate
of AFjye close to the value obtained in our analysis
(0.84 x 107 phem? s71). 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” sys-
tematics is a variance of the background modeling
statistics, i.e. the background with slightly changed
normalization is still allowed by the model statis-
tics. In turn, this would affect the flux of the re-
ported new line. By performing both simple estimates
and detailed simulations, we show that this new type
of the systematics is able to reconcile the contro-
versial results on the Draco dwarf spheroidal galaxy
(dSph) and the Andromeda galaxy obtained by dif-
ferent groups.

As Figure demonstrates, it is possible to decrease
the level of “continuum-induced” systematics by ap-
plying smaller spectral bins (according to the ef-
fect described in [51]) and wider modeling energy
ranges. However, both options should be used with
caution. For example, using coarser spectral bins of-
ten helps to find a better continuum model due to
the clearer visual inspection of adjacent line residu-
als. Similarly, the modeling range extension to the en-
ergies with large systematic uncertainties (e.g., domi-
nated 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



Toward Robust Detection of a Faint Narrow Line in X-Rays

Finally, it is important to note that the discrepan-
cies 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, Hit-
omi [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 AFijineest =~ 2.8 X 10—6
ph/cm? /s, much smaller than the apparent discrep-
ancy 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 sep-
arate study.
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/1.0. Casuenxo, /. A. Hxyboscorui

IO IIPOLIEYPU TOYHOTO IIOIIYKY CJIABKOI
BY3bKOI JIIHIf B PEHTTEHIBCbKOMY CIIEKTPI —
POJIb CUCTEMATUKU, CIIPUYUHEHOT
MOJEJTIIOBAHHSIM KOHTUHYYMY

Pezmowme

3a gesKUMU 3 HEJaBHIX NETEKTyBaHb By3bKOl JiHil BHmpoMmi-
HIOBaHH#A Ha ~3,5 KeB nocJityBasiu JOCi/I>KEeHHs, 110 IT0Ka3a-
U BigcyTHicTh JiHIT B THX caMmux Jpkepesax. e copuyanamio
JUCKYCil CTOCOBHO PiBHS CHCTEMAaTHYHUX NOXUOOK. B 1iit ctaTTi
MM JTOCJII?KYEMO CUCTEMATHUKY, 110 CIPUYNHEHA HETOCKOHAJINM
3HAHHSM MOJeN KOHTHHYyMmy. lIpocra Teopernyuna omiHka Ta
JleTaJIbHe MOJIEJIIOBAHHS CUMYJIbOBAHUX CIEKTPIB JI03BOJISIIOTH
HaM BIIEPIC BU3HAYMUTH BEJIUIUHY i€l CHCTeMaTHIHOI IOXHUO-
ku. [lTokazano, 1o s jgesskux 06’€KTiB 3 J06pe BU3HAYEHOIO
MOZEJUTIO KOHTHHYYMY, TAKHM $IK TaJakTHKa AHIpOMeIH, Kap-
JUKOBa cepuyna rajakTuka J[pako, orpuMaHnuil piBeHb CucTe-
MATHKU JI03BOJISIE IPUBECTHU Y BiIOBIIHICTD CHipHI pe3yabTaTu
pisuux rpyn asropis. Ilokazano, mo mias 3MeHImeHHs edEKTy
CHCTEMATHKH, CIPUYNHEHOI MOJEIIOBAHHAM KOHTHHYYMa, He-
00XiHO 3MEHIITyBATH PO3MIp €HepreTuvIHoro 6iHy B CIEKTpi Ta
30/IbIIIyBaTH 1HTEPBAJI €HEPTriil IpU MOJETIOBAHHI.
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