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Using the recent XMM-Newton PN blank sky data, we improve the earlier restrictions on param-
eters of the warm dark matter (DM) in the form of sterile neutrino (by as much as the order of
magnitude at masses ∼ 3.5 keV). The results are obtained from non-observing DM decay line in
the X-ray spectrum of the Milky Way. We also present similar constraint coming from the recent
XMM-Newton observation of Ursa Minor – dark, X-ray quiet dwarf spheroidal. Although this obser-
vation has relatively poor statistics, the constraints are comparable to those, recently obtained using
observations of Large Magellanic Cloud or M31. This confirms recent proposal that dwarf satellites
of the MW are very interesting candidates for the DM search and should be studied dedicatedly on
this purpose.

PACS numbers: 95.35.+d, 14.60.Pq, 95.85.Nv

I. INTRODUCTION

Last year saw a lot of activity, devoted to searching
of the decay signals of the DM particle in X-ray spectra
of various astrophysical objects [1, 2, 3, 4, 5, 6]. It was
noticed long ago [7] that a right-handed neutrino with
masses in the keV range presents a viable warm dark mat-
ter (WDM) candidate. Such a particle possesses specific
radiative decay channel and therefore one can search for
its decay line in the X-ray spectra of astrophysical ob-
jects [8, 9].

Recently, the interest to the sterile neutrino as a DM
candidate has been greatly revitalized. First, the dis-
covery of neutrino oscillations (see e.g. [10] for a review)
strongly suggest existence of right-handed neutrinos. In-
deed, probably the easiest way to explain the data on
oscillations is via adding several right handed, or sterile
neutrinos, to the Standard Model. It has been demon-
strated recently in Refs. [11, 12] that a simple extension
of the Standard Model by three singlet fermions with
masses smaller than the electroweak scale (dubbed the
νMSM in [11]) allows to accommodate the data on neu-
trino masses and mixings, allows to explain baryon asym-
metry of the Universe and provides a candidate for dark
matter particle in the form of the lightest of the sterile
neutrinos.

Secondly, warm DM with the mass of particle in keV
range can ease the problem of the dark halo structures in
comparison with the cold dark matter scenario [13, 14].
Additionally, by determining the matter power spectrum
from Lyman-α forest data from SDSS, Refs. [15, 16] ar-
gued that the mass of the DM particles should be in the
range & 10 keV (& 14 keV in the case of Ref. [15]) . At
the same time, studies of the Fornax dwarf spheroidal
galaxy [14, 17] are in disagreement with the predictions

of CDM models and suggest lower than in [15, 16] mass
for DM particle Mdm ∼ 2 keV. The latter result is in
agreement with the earlier studies of [18, 19], which used
different dataset. For other applications of the keV range
sterile neutrinos see e.g. [20, 21, 22, 23, 24].

It was argued in [3, 4] that the preferred targets for
observations are objects from the Local Halo, includ-
ing our own Milky Way and its satellites. In particular,
Ref. [3] showed that the best objects should be the dwarf
spheroidals (Ursa Minor, Draco, etc). Indeed, these ob-
jects are X-ray quiet, while at the same time one expects
from them the DM decay signal, comparable with that of
from galaxy clusters. As at the time of writing of Ref. [3]
no public data for aforementioned dwarf spheroidals were
available, the observations of the core of Large Magel-
lanic Cloud (LMC) were used to produce the strongest
restrictions on parameters of the sterile neutrino. It was
stressed in [3] that other dwarf satellite galaxies should
be studied as well, in order to minimize uncertainties re-
lated to the DM modeling in every particular object. In
this paper we continue studies of the dwarf satellites of
the MW with the analysis of the data from XMM-Newton
observation of Ursa Minor and confirm the restrictions of
Ref. [3].

It was also shown in Ref. [3] that the improvement
of the results from MW DM halo can be achieved by
using longer exposure data (notably, longer exposure of
the closed filter observations). In this paper, we improve
our restrictions, coming from MW DM halo by using the
blank sky dataset with better statistics from [25].
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II. DM WITH RADIATIVE DECAY CHANNEL

Although throughout this paper we are talking mostly
about the sterile neutrino DM, the results can be ap-
plied to any DM particle, possessing the monoenergetic
radiative decay channel, emitting photon of energy Eγ

and having decay width Γ. In case of the sterile neutrino
(with mass below that of electron), the radiative decay
channel is into a photon and active neutrino [26]. As
the mass of active neutrino is much smaller than keV, in
this case Eγ = Ms

2
. The width Γ of radiative decay can

be expressed in terms of mass Ms and mixing angle θ
via [26, 27]:

Γ =
9 α G2

F

1024π4
sin2 2θ M5

s

≃ 1.38 × 10−22 sin2(2θ)

[

Ms

keV

]5

sec−1 . (1)

(although in all realistic cases θ ≪ 1, the notation
sin2(2θ) is used traditionally). The flux of the DM decay
from a given direction is given by

Fdm = Γ
Eγ

Ms

∫

fov cone

ρdm(~r)

4π| ~DL + ~r|2
d3~r . (2)

Here ~DL is the luminous distance between the observer
and the center of the observed object, ρdm(r) is the DM
density and the integration is over the DM distribution
inside the (truncated) cone – solid angle, spanned by the
field of view (FoV) of the X-ray satellite. If the observed
object is far,1 then Eq. (2) can be simplified:

Fdm =
M fov

dm
Γ

4πD2
L

Eγ

Ms

, (3)

where M fov
dm

is the mass of DM within a telescope’s field
of view (FoV). Eq. (3) can be further rewritten as

Fdm = 6.38 × 106

(

M fov
dm

1010M⊙

) (

kpc

DL

)2

(4)

× sin2(2θ)

[

Ms

keV

]5
keV

cm2 · sec
.

In the absence of clearly detectable line, one can put
upper limit on the flux of DM from the astrophysical
data, which via Eq. (4) will lead to the restrictions of
parameters of the sterile neutrino Ms and θ.

1 Namely, if luminosity distance DL is much greater than the char-
acteristic scale of the DM distribution ρdm(r).

III. RESTRICTIONS FROM THE BLANK SKY

OBSERVATION

A. Modeling DM halo of the MW

As shown in the previous Section, to obtain the restric-
tions on parameters of the sterile neutrino, one needs to
know the distribution of the DM. In case of nearby ob-
jects (including our own Galaxy and dwarf satellites from
local halo), the DM distribution can be deduced e.g. by
using the rotation curves of the stars in the galaxy. In
particular, in Refs. [28, 29] it was shown that the DM halo
of the MW can be described by Navarro-Frenk-White
(NFW) profile [30]

ρnfw(r) =
ρsr

3
s

r(r + rs)2
, (5)

with parameters, given in Table I.
One can also describe the DM distribution in the MW

via isothermal profile:

ρiso(r) =
v2

h

4πGN

1

r2 + r2
c

(6)

The DM flux from a given direction φ into the solid angle
Ωfov ≪ 1, measured by an observer on Earth (distance
r⊙ ≃ 8 kpc from the galactic center) is given by

F iso
dm

(φ)=
L0

R
×







π
2

+ arctan
(

r⊙ cos φ

R

)

, cosφ ≥ 0

arctan
(

R
r⊙| cos φ|

)

, cosφ < 0
. (7)

Here L0 ≡
ΓΩfovv2

h

32π2GN

and R =
√

r2
c + r2

⊙ sin2 φ. Angle φ is

related to the galactic coordinates (b, l) via

cosφ = cos b cos l . (8)

Thus, galactic center corresponds to φ = 0◦, anti-center
φ = 180◦ and direction, perpendicular to the galactic
plane to φ = 90◦.

In Ref. [3] the following parameters of isothermal pro-
file were chosen: vh = 170 km/sec and rc = 4 kpc. One
can easily check (using Table I and Eqs. (A5)–(A6) in Ap-
pendix A) that in the directions φ & 90◦ the difference
in predicted DM fluxes between the NFW model with
parameters, given in Table I and isothermal model with
parameters just quoted are completely negligible (consti-
tute less than 5%).2

2 Ref. [31] claimed that the MW results of Refs. [3, 4] are uncertain
by about a factor of 3. This conclusion was based on the range of
virial masses of the MW DM halo Mvir = (0.7− 2.0)× 1012 M⊙

in Ref. [28]. However, as just demonstrated, authors of [3] have
chosen parameters of DM halo conservatively. The flux they
used, corresponded to the favored models A1 or B1 in [28], with
Mvir ∼ 1.0 × 1012M⊙. These models provide the lowest bound
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References Mvir, M⊙ rvir, kpc Concentration rs, kpc ρs, M⊙/kpc3

Klypin et al. [28],
favored models (A1 or B1)

1.0 × 1012 258 12 21.5 4.9 × 106

Battaglia et al. [29] 0.8+1.2
−0.2 × 1012 255 18 14.2 11.2 × 106

TABLE I: Best fit parameters of NFW model of the MW DM halo (the relation between virial parameters and ρs, rs are
given in Appendix A). Quoted halo parameters provide DM decay flux (from the directions with φ > 90◦) consistent within
∼ 5% with the one, given by Eqs. (6)–(7). Only “maximal disk” models in Klypin et al. [28] would provide 30 − 50% weaker
restrictions, however, these models are highly implausible, see [28]. Similarly, taking lower limit for the virial mass of Battaglia
et al. [29], one would obtain 25% weaker restrictions than the ones, presented in this paper.

B. XMM-Newton PN blank sky data

We used the double-filtered single+double event
XMM-Newton PN blank sky data from [25] – collection of
18 blank sky observations (see Table 2 in [25] for their ob-
servation IDs, positions and exposures).3 The exposure
time of the co-added observations is 547 ksec. We use
a combination of closed filter observations from [25] (to-
tal exposure time 145 ksec) to model instrumental back-
ground of XMM-Newton PN instrument. The data has
been filtered using SAS expression “flag==0” which re-
jects the data from bad pixels and CCD gap regions.
After removing the brightest point sources the total ac-
cumulation area is 603 arcmin2.

The variable Galactic emission and geocoronal Solar
wind charge exchange emission [32] complicate the mod-
eling at the lowest energies. Also, due to the remaining
calibration uncertainties (see e.g. [33]) we omitted the
channels below 1.6 keV from our analysis. At energies
above 7 keV the particle background dominates and the
total flux is very sensitive to the background normaliza-
tion. We thus excluded channels above 7 kev.

The data are not well described in the 2.3–2.6 and 5.9–
6.3 keV bands if assuming only the power-law model for
the CXRB. We can understand the former deviation by
the fact that the PN total efficiency decreases by a factor
of 2 at those energies and small calibration uncertainties
can cause the effect. The latter deviation probably orig-
inates from the variability of the instrumental Fe line.
Thus we excluded also these bands from further analysis.

We modeled the data in the remaining channels using
a power-law model, modified at the lowest energies by
Galactic absorption with the value of NH fixed to its ex-
posure weighted average over all blank sky observations
(NH = 1.3× 1020 cm−2). The best-fit is acceptable, with
reduced χ2 = 1.05 for 25 degrees of freedom, yielding a

on derived flux of DM decay (if one does not take into account
highly implausible “maximum disk” (A2 or B2) models of [28]).
Even in the latter case, the DM flux will be 30−50% lower, than
the one, used in work [3]. Therefore, parameters of MW DM
halo from [3] provide the conservative estimate and we will use
them in our work as well.

3 We processed the blank sky data with newer SAS distribution,
xmmsas 20050815 1803-6.5.0 and obtained slightly different ex-
posure times than those in the public data.

FIG. 1: Blank sky data of Nevalainen et al. [25], with closed
filter data subtracted, together with the best-fit power law.

photon index of 1.41±0.04 at 1 σ confidence level (see
FIG.1), consistent with that obtained in similar analyses
based on Chandra [34] and XMM-Newton MOS instru-
ment [35].

The residuals do not exhibit any line-like features (see
FIG. 1). To put bounds on the flux of DM, we rebin
the data, so that each energy bin is equal to 2 times the
spectral resolution of XMM and add the narrow Gaus-
sian line at the center of every energy bin, until the fit
worsens by ∆χ2 = 9.0 (3σ bound). The obtained flux
per energy bin is then converted to the restrictions on Ms

and sin2 2θ, using Eqs. (1), (7) (we use exposure weighter
average of DM fluxes (7) from all the observations, con-
stituting the blank sky dataset). This corresponds to the
average “column density” 1.22× 1028 keV/ cm2. The re-
sults are shown on FIG. 2 At energies above E = 5 keV
the instrumental background of PN dominates over the
sky background (c.f. [25]). Therefore, the accuracy of the
co-added closed filter spectrum in predicting the particle
background in the blank sky observations becomes essen-
tial. We estimate this accuracy using the the variability
of the individual closed filter spectra in the 1.6-7.0 keV
band [25] and propagate it by varying the normalization
of closed filter data by ±5% and repeating the above
analysis. This leads to a factor of 3 change of the results
at Ms ∼ 14 keV (see FIG. 3). Therefore, for E & 5 keV
we choose the more conservative normalization.
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FIG. 2: Exclusion plot based on the blank sky observations.
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FIG. 3: Dependence of the results on closed filter normaliza-
tion. Red (solid) and green (long-dashed) lines are the same
as on the FIG. 2.

IV. RESTRICTIONS FROM OBSERVATIONS

OF URSA MINOR

It was argued in Ref. [3] that dwarf satellite galax-
ies should provide the best restrictions, based on their
high concentration of DM and low X-ray signal. At the
moment of writing of [3] no public data on preferred
dwarf satellites were available, therefore the observation
of core of LMC were used as a demonstration. Recently,
the Ursa Minor dwarf (UMi) was observed with XMM-
Newton (obs IDs.: 0301690201, 0301690301, 0301690401,
0301690501, observed in August-September 2005).4 Un-
fortunately, most of these observations are strongly con-
taminated by background flares and effectively have very

4 We are very grateful to Prof. T. Maccarone for sharing this data
with us before it became publicly available through XMM data
archive.

FIG. 4: The crosses show the PN >10 keV band rate of the
full FOV during the Ursa Minor observation 0301690401 in
1ks bins. The dashed line shows the average, when excluding
first 2 time bins. The dotted line shows the corresponding
quiescent value in the co-added blank sky data Nevalainen
et al. [25].

small exposure times. Below we present the analysis of
only one observation (obsID: 0301690401), which “suf-
fered” the least from background contamination.

A. DM modeling for UMi

The DM profile of UMi is well described by the isother-
mal profile (6) with parameters vh = 22 km/sec, rc =
0.1 kpc (see e.g. [36]). We adopt the distance to UMi
DL = 66kpc [37]. The DM mass within the circular FoV
with the radius rfov, centered at the center of the galaxy
is given by

M fov
dm

=
πv2

h

2GN

(

√

r2
fov + r2

c − rc

)

. (9)

In our case, the radius of FoV is 13.9’, which corresponds
to rfov = 0.27 kpc (i.e. about 3rc). Therefore

M fov
dm

= 3.3 × 107M⊙ for rfov = 0.27 kpc . (10)

Using Eqs. (10) and (3) one can compute expected DM
flux from UMi:

Fdm = 4.79
keV

cm2 · sec

[

Ms

keV

]5

sin2(2θ) . (11)

B. PN data analysis

We processed Ursa Minor observation 0301690401 us-
ing epchain version 8.56 and filtered the event file with
SAS expressions “PATTERN<=4” and “FLAG==0”. We ap-
plied the blank sky based XMM-Newton background
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method of Nevalainen et al. [25] for Ursa Minor. The >
10 keV band light curve from the full FOV (FIG. 4) shows
that the count rate in observation 0301690401 (excluding
first 2ks) exceeds that of the blank sky quiescent average
by 25%. This level is higher, but close to that used in the
blank sky accumulation (± 20% filtering around the qui-
escent level). Thus we accepted the data from all instants
after the initial 2ks, and we approximate the background
uncertainties with those in Nevalainen et al. [25].

The hydrogen column density in the direction of Ursa
Minor is small (∼NH = 2 × 1020 cm−2) and consistent
with the variation in the blank sky sample. Thus we can
apply the blank sky background method also to channels
below 2 keV.

As noted in the above XMM-Newton blank sky study,
the > 10 keV band based scaling of the background only
works up to a factor of 1.1, beyond which the background
prediction becomes worse. Furthermore, the correlation
of background rates in the > 10 keV band is very poor
with the rates below 2 keV band. Thus, in order to
achieve best possible background prediction accuracy, we
scaled the blank sky background spectrum by a factor of
1.1 at channels above 2 keV and at lower energies we
applied no background scaling.

We removed such scaled background spectrum from
the Ursa Minor spectrum (see FIG. 5). As shown in
Nevalainen et al. [25], the background accuracy is worse
at lower energies. We used those estimates to propagate
the background uncertainties at 1 σ confidence level to
our results by examining how the results change when
varying the 0.8–2.0 keV and 2.0–7.0 keV band back-
ground by 15% and 10%, respectively.

C. Ursa Minor data and restrictions on the sterile

neutrino parameters

The X-ray spectrum of UMi is similar to that of LMC:
above 2 keV the flux is zero within statistical limits (see
FIG. 5). (Of course, the data set has rather low statistics
– after the cleaning of flares the UMi observation contains
only 7 ksec). Therefore, for such a data, we utilize the
“total flux” method. Namely, we restrict the DM flux
in the given energy bin to be bounded from above by
the measured total flux in this energy bin plus its 3σ
uncertainty (solid black line on the FIG. 5). As every
energy bin has width of twice the FWHM at a given
energy, the flux from a DM line would not “spill” into
nearby bins. Using Eq. (11), we find the restrictions on
the sterile neutrino parameters, represented on FIG. 6 in
red solid line.

These restrictions should be compared with those, ob-
tained from another satellite galaxy – Large Magellanic
Cloud – in Ref. [3]. As one clearly sees from FIG. 6, in
spite of the low exposure time, it is fully consistent with
the earlier bounds from LMC, thus confirming the results
from [3]. Improvement of the exposure for UMi obser-
vations should, presumably lead to the improvement of

-0.0002

-0.00015

-0.0001

-5e-05

 0

 5e-05

 1e-04

 0.00015

 0.0002

 0.00025

 1  2  3  4  5  6  7

F
lu

x 
[k

eV
/c

m
2  s

ec
]

E [keV]

FIG. 5: Flux from UMi (obs. ID 0301690401). Energy bins
have the width of twice the spectral resolution. Shown are 1,
2 and 3σ errors. One can see that above 2 keV flux in the
most energy bins is zero within 1σ limits (blue crosses) and for
the rest it is zero within 2σ limits (green crosses). Similarly,
below 2 keV black, cyan and yellow crosses represent 1,2 and
3σ error correspondingly. Solid black line represents the 3σ
upper bound on total flux in a given energy bin, which we use
to put the limit on DM parameters.
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FIG. 6: Exclusion from UMi (red solid line), as compared
to LMC (green long-dashed line). Blue short-dashed smooth
curve shows hypothetical restrictions from UMi observations
with 100 ksec exposure.

results (at least for energies above E & 2 keV). For ex-
ample, for a 100 ksec observation, we expect the results
to improve by roughly a factor

√

100 ksec/7 ksec ≈ 3.77.

V. RESULTS

1. Restrictions from the blank sky data

By analyzing the blank sky data set with better statis-
tics, we improved the previous results [3, 4, 5] (by as
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much as the factor of 10 for Ms ≈ 3.5 keV and by the
negligible amount for Ms & 11keV). The result is shown
on FIG. 7 in red solid line. Best previous bounds are
also shown: bound from LMC [3] in blue short-dashed
line and bound from M31 [5] in dotted magenta line. We
see that in the region 3.5 keV . Ms . 11 keV new blank
sky data provides an improvement over previous results.
These results can be converted (using Eq. (1)) into re-
strictions on the decay rate Γ of any DM particle, pos-
sessing radiative decay channel and emitting a photon Eγ

(see FIG. 8). Our results provide more than an order of
magnitude improvement over similar restrictions derived
in [4] (which used the Chandra blank sky background), as
one can clearly see by comparing FIG. 8 with the FIG. 2
in [4], where exclusion plot is above Γ = 10−26 sec−1 line
for all energies. (In Ref. [4] the restriction were made,
based on the total flux of Chandra satellite, without sub-
traction of the instrumental background, which explains
a much weaker restrictions).

The empirical fit to the MW data is given by the fol-
lowing expression:

sin2(2θ) . 2.15 × 10−7

(

Ms

kev

)−3.45

. (12)

2. Restrictions from Ursa Minor dwarf

Restrictions from XMM observation of UMi are shown
on FIG. 7 in the green long-dashed line. These results
are slightly weaker, than LMC or M31 results, which is
due to the very low statistics of the UMi observation.
Improvement of the statistics should lead to improvement
of the current bound (as shown on the FIG. 6). These
results confirm the recent claims [3] that dwarfs of the
Local Halo are promising candidates for the DM decay
line search and as such should be studied dedicatedly.

In searching for the DM signatures, it is important to
understand that the uncertainties of the DM modeling
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FIG. 8: Restrictions on parameters of any DM particle with
the radiative decay width Γ, emitting photon of energy Eγ .
Region above the red curve is excluded.

for any given object can be large and therefore it is im-
portant to study many objects of given type as well as
many different types of objects (where DM distributions
are deduced by independent methods). To this end, al-
though UMi data does not provide an improvement over
existing bounds, it makes those bounds more robust as
the existence of DM in UMi is deduced by independent
observations and the rotation curves of UMi are mea-
sured quite well, since it has less perturbed dynamics,
compared to e.g. LMC.

VI. DISCUSSION

In this paper we continued to search for the best as-
trophysical objects, from the point of view of restricting
parameters of DM particles with radiative decay channel.
Several comments are of order here.
(1) Although throughout this paper we spoke about

the sterile neutrinos and restricted their parameters
(namely, mass and mixing angle), the constraints can
be readily converted into any other DM candidate,
which possesses a radiative decay channel. Then the
restrictions are formulated on the decay rate Γ as a
function of energy of emitted photon Eγ . The results
then can be presented in the form of exclusion plot,
presented on FIG. 8.

(2) Clearly, if one could relate parameters of the sterile
neutrino with their relic abundance Ωs, this would
allow one to put an upper limit on the mass of the
sterile neutrino. Unfortunately, such a computation
is strongly model-dependent. In [7, 8, 38, 39] the relic
abundance of the sterile neutrinos was computed in
a simple model with only one sterile neutrino. Yet,
even the computation in this simplest model is sub-
ject to a number of uncertainties [1, 3, 40, 41, 42, 43].
In particular, in [7, 8, 38, 39] it was assumed (i) the
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absence of the sterile neutrinos above the tempera-
tures ∼ 1 GeV; (ii) the absence of heavy particles,
whose decay can dilute the relic abundance; (iii) the
absence of leptonic asymmetries. In addition, sim-
plifying assumptions about dynamics of hadrons at
temperatures O(150) MeV were used. Taking away
these assumptions makes the relation between Ωs,
Ms and θ uncertain by several orders of magni-
tude [40, 41, 42, 43]. Therefore, in this work we chose
not to put an upper bound on the mass of the sterile
neutrino.
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APPENDIX A: DETERMINING PARAMETERS

OF NFW PROFILE

Using the data on rotation curves, one usually ob-
tains the following parameters of DM distribution (see
e.g. [28]): virial mass Mvir, virial radius rvir and concen-
tration parameter C. They have the following relation
with the parameters of NFW profile (5) rs and ρs:

rs =
rvir

C
; ρs =

Mvir

4πr3
sf(C)

, (A1)

where in terms of function f(x):

f(x) = log(1 + x) −
x

1 + x
(A2)

one obtains the mass within the radius r:

M(r) = Mvir

f(r/rs)

f(C)
. (A3)

If DM distribution in the Milky Way is described by
NFW model (as in [28, 29], the flux from a direction φ is
given by

F nfw

dm
(φ) =

ΓΩfov

8π

∞
∫

0

dz ρnfw(
√

r2
⊙ + z2 + 2r⊙z cosφ)

(A4)
(notations are the same as in Eq.(7)–(8)). Let us con-
sider two cases, when the integral in (A4) can be easily
computed. Namely, we have for φ = 180◦

F nfw

dm
(180◦) =

ΓΩfov

8π
ρsrs

[

log(1 +
rs

r⊙
) −

rs

rs + r⊙

]

(A5)
and for φ = 90◦

F nfw

dm
(90◦) =

ΓΩfov

8π
ρsrs

[

−1 − log
2rs

r⊙
(A6)

+
r2
⊙

r2
s

(

3

2
log

2rs

r⊙
−

5

4

)]

+ O

(

r4
⊙

r4
s

)

(in the latter case the analytic expression is too com-
plicated and we present Taylor expansion for the case
r⊙ ≪ rs).
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