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Abstract

an 2012

We present the first public code for semi-analytical calboaof they-ray flux astrophysical-factor from dark matter annihila-
r— tion/decay in the Galaxy, including dark matter substructuré® dore of the code is the calculation of the line of sightgraéof
the dark matter density squared (for annihilations) or dgiffor decaying dark matter). The code can be used in threge®: i)
to draw skymaps from the Galactic smooth componentarile substructure contributions, ii) to calculate the fhaxn a specific
halo (that is not the Galactic halo, e.g. dwarf spheroid&bgas) or iii) to perform simple statistical operationerr a list of al-
r—lowed DM profiles for a given object. Extragalactic conttibas and other tracers of DM annihilation (e.g. positr@wgijprotons)
will be included in a second release.
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! PROGRAM SUMMARY 1. Introduction

et Program Title: CLUMPY

4(7) Programming languageC/C++

a gompttj_ter:PCtaTTc]iul\lill?)((: ¥ MacOS X Despite the several astrophysical evidences pointingeat th

o perfi Ing syste (Linuw), Mac : existence of dark matter (flat rotation curves of galaxieayig
RAM: depends on the requested size of skymap$0(Mb for a . . " N . .
500% 500 map) tational lensing, “bullet cluster”, etc.), its naturelstvades us.

- This search has become one of the major topic in both particle

Keywords:dark matter, indirect detection, gamma-rays ; . . . . .
G0 Classification:1.1, 1.9 physics and astrophysics and is tackled using either dirént

(\J -External routinegibraries: CERN ROOT, Doxygef (optional) direct detection methods. For the former, the hope is tactlyre
Nature of problem:Calculation ofy-ray signal from dark matter an- witness the interaction of a dark matter particle with a dete
nihilation (resp. decay). This involves a particle phydisn and an  tor. The indirect approaches aim at measuring the end pteduc
- astrophysical one. The focus here is on the latter. of dark matter annihilatigidecay (e.g.y-rays, positrons, anti-
Solution method:ntegration of the DM density squared (resp. den- protons). The detection gf-rays was soon recognised to be a
sity) along a line of sight. The code is optimised to deal wfta DM promising Channe[[ﬂ 2]. If such a signal is yet to be measure
density peaks encountered along the line of sight (DM substres). by the existingy-rays observatories (FERMI, HESS, MAGIC,
—1 Asemi-analytical approach (calibrated on N-body simolag) is used VERITAS), the prospect may significantly improve with the

for the spatial and mass distributions of the dark mattestsubtures . L
in the G:Iaxy forthcoming next-generation instruments, such as CTA [3].

Restrictions: Some generic dark matter annihilation spectra are pro- Having a modelling tool that can compute the expeoted
vided but are not included in the calculation so far as it&iased that  ray flux from dark matter annihilatigdecay in a wide range
the particle physics is independent of the astrophysickeptoblem.  of astrophysical configurations and making it availableh® t
Running timethis is highly dependent of the DM profiles considered, community should prove very useful. This is the motivation

arXiv:1201.47

the requested precisiarand integration anglein:: for developing the code presented in this paper. This paper
e about 60 mn for a5x 5° map towards the Galactic centre, with highlightscLumpy’s main features but a more thorough descrip-
aint = 0.01°, NFW dark matter profiles and= 1072; tion can be found in the documentation coming with the source

code. The paper is organised as follows. Sedfion 2 presents

) , ) the formulation of the generig-ray signal calculation that is

e 0.1t010 DM_ models per second, depending on mtegratloreanglperformed bycLumpy, with special emphasis on the contribu-
and DM profile. tion from DM clumps. The code is described in sgtt. 3, which

presents the structure, parameters and functions that #re a

Email addressceline.combet@lpsc.in2p3.fr (Céline Combet) core ofcumry. Sectiorl# deal_s with two examples of the.SCI_

Y5ttp: //root . cern. ch ence that can be performed wittumey. We conclude and dis-

“http://www.doxygen.org cuss the future developments of the code in §éct. 5.

e about 2h for the same set-up towards the anti-centre;
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2. Calculating the y-ray flux from dark matter annihila- squared along the line of sight {, 6), in the observational cone

tion/decay of solid angleAQ (seq Appendix_A angeometry.h for defi-

. nitions and the geometry used)
The y-ray flux db,/dE, from dark matter annihilat-

ing/decaying particles is expressed as the product of a parti-
cle physics term by an astrophysical contribution. For @igiv
experiment with a spatial resolutiaf, corresponding to an in-
tegration solid angldQ = 27 (1 — cosaint), at energye, and
pointing in the directiony, 6), the flux is written as:

AQ
3.0.A0) = fo f. ) dda 3

wherep(I(y, 0)) is the local DM density at distan¢érom Earth
in the directiony, 6 (longitude and latitude in Galactic coordi-

nates).
do, dd)s P This integral is the core of theumpy code and can be rather
d—Ey(E” ¥, 6,AQ) = dE, (E)) x Iy, 6,AQ). 1) complicated to evaluate. Thefliculty comes partially from the
steepness of some DM profiles considered but also, and mainly
2.1. Annihilation and decay: genera| statements from the existence of DM ClUmpS, the contribution of which

must be added to the smooth Galactic DM background. Both

2.1.1. Annihilation: the particle physics term :
b Phy components are dealt with hereafter.

It can be generically expressed as

chyPP 1 (TamV) dN; 2.1.3. Decaying dark matter
e =D aE, Bt, 2) y-rays can also be produced from the decay of DM. Formally,
i X f the flux is still given by Eq{l1) but the astrophysical andicte

wherem, is the mass of the DM particl@;an, is the annihila- physics terms take fferent forms:

tion cross sectiornioanv) the annihilation rate averaged over « The particle physics term now corresponds to the decay
the DM velocity distributionBs is the branching ratio into the spectrum and no parametrisation of that term has been

. f . . I
final statef anddN, /dE, is the photon yield per annihilation. included in the code so far. The parametrisation from
A widely accepted value fdp-anv) estimated from present day Bertone et al.f[]?] could be used.

thermal relic density i€oanv) = 3 - 10726 cmst 4. The

photon spectrum is dependent on the annihilation charwals. e Because we are now considering a decay reaction, the as-

restrict ourselves to the populsiinimal Supersymmetric Stan- trophysics term is the integration of the density (rather
dard Model(MSSM). In this framework, the neutralino is the that density squared as in Ef] (3)) along the line of sight,
lightest stable supersymmetric particle and is the fawb sl namely
candidate. o

Neutralino annihilation can produgerays in three ways: i)
DM annihilates directly into two photons @y, giving rise (. 0,002) = j(; \fl"o'sp(l("b’ 0) didQ . (4)
to monochromatic lines, ii) or it can annihilate into primar
products, the hadronization and decay of which produceay This quantity can be straightforwardly —com-
continuum, iii) finally, if charged particles are producéater- puted in CLUMPY by setting the flag parameter
nal bremsstrahlung (IB) can also contribute to the continuu gDM_IS_ANNTHIL OR DECAY to false (see tablé3).

The lines are very model-dependent and given the uncertain-

ties on the particle physics models, we did not include any ir2.2. Dark matter distribution

cLumpy. The user is however free to implement their own func-  To date, there is no consensus to what the Galactic DM pro-

tion if need be. There exists in the literature several patém file, p(r), should be. There is some dynamical evidence that

sations for they-ray continuum and we have implemented thatthe Galactic DM halo might be triaxial/[8] and numerical sim-

of Bergstrom et al. [{4], and Tasitsiomi and Olinid [5]. The ylations, such as the Aquarids [9] or the Via Lactea rin5 [10]

IB contributions is also very model dependent, and we pmvid a|so find non-spherical halos. When included, the baryard te

one benchmark model from Bringmann et al. [6]. We refer thenowever to make the halos more spherical [11]. In this first ve

reader taf3.3.7 gpectra.h) for more details on these spectra. sion of cLumey we simplify the problem (as often done) using

spherically symmetric DM halos, but allowing for tri-aitslis

2.1.2. Annihilation: the astrophysical contribution being considered for future releases. The total averaged de
They-rays being produced from the annihilation of pairs of sity profiles of the DM halos measured in these simulatioas ar

dark matter particles, thg-ray flux is proportional to the DM generally fitted by a form of the Zhao profile [12] :

density squared. The second term of [E¢. (1), terasttbphys- s

ical contribution, corresponds to the integration of the dgnsit Prot(r) Iy s (r/rs)w]w‘y)/“ , (5)
SNote that a velocity dependent cross section should bedrdiin a fu- Where% “ andﬂ a:re respectlvely the mner,- transition (:and outer

ture release of the code in order to account for the Somndeefigct in the SIOpe of the prOfI|eps andrs a scale densny and radius. The

calculation. This fect results in much larger cross sections for some resonanfNavarro _et al. @3]1 _Moore et al. |—_[-h-4]’ and Diemand et _al-
neutralino masses and therefore boost the signal for thiseabdidates. [@] profiles fall in this category. Some other profiles hayin




a log-varying inner slope [16, 17] are also includediovpy.  butions are assumed indepenflerif Ny is the total number
The reader is referred t83.3.4 profiles.h) for a detailed of clumps in a DM host halo, then the overall distribution of
description. clumps is written as:

Some of these DM profiles are steep enough in the inner re-
gions to lead to a singularity of theray luminosity at the cen- &N = Nt dPv(r) M , (8)
tre of the halo. However, a cutfaadiusr¢,: naturally appears, dvdm av dm
within which the DM density saturates due to the balance bewhere the spatial and mass distribution are probabilities,
tween the annihilation rate and the gravitational infglliate  spectively normalised as:

of DM particles. The saturation density reads [18]
PO v -1 and f e dPuM) g 21 (0)
av - Myy  OM -

m 26 —1
o= 310%( o) [

—3 \Y
100 Ge (V) )MG kpc™. (6)

Analysis of N-body simulations have shown the mass distribu
Plugged in any profile parametrisation, this saturationsilgn tion to vary as a simple power law

defines the cut4d radius below which the annihilation rate

. o = i dPw(M)
is constant. This is a very crude description, but this is not TV

important as this cutfd matters only for the steepest profiles . o
(y > 1.5) which are disfavoured by current numerical simula-Given the mass and spatial distribution, the total number of

M~ with ay ~ 1.9. (20)

tions. clumpsN: can be determined in two ways. If the mass fraction
The hierarchical scenario of galaxy formation imaCDM  f of clumps and the mass of the hda, halo are known,

cosmology is characterised by a high degree of clumpiness of f Mot

the DM distribution (supported by N-body simulations) satth Niot = Mo

the total averaged density computed from these simulations (Macl

responds to with (M) the average mass of one clump. An other approach

is to know the number of clump, in a given mass interval
Prot(r) = psm(r) + (psupdr)) (7)  [M1, M2] and to calculate the total number of clumps as
wherepsy(r) is the “true” smooth component ajok,y(r)) rep- Nio; = No _
resents the average density from the substructures. Tivese t melz %

components are discussed below.
Crumpy uses the first approach when dealing with substructures
in individual host halos (that are not the Milky Way) and the
second one for the Galactic halo clumps (numerical simanati
have found about 100 clumps with masses aboeMg in
Milky Way-like halos).cLumpy allows to select any of the pro-

2.2.1. The clumps

Whether substructures in subhalos are scaled-down versio
of substructure in main halos remains an open questionf9]. |

this release ofLumpy, we only consider one level of substruc- files given in§332 profiles.h) for the clump spatial distri-

ture within the halo under scr_utlny (Galactic halo or mdnval_ bution, independently of the choice made for the total dgnsi
halo such as a dwarf spheroidal galaxy), and the properties o rofile

these sub-halos can be independently chosen from that of the

parenthalo (see below). 2.2.2. The smooth component

From the spatial distributionfd,(r)/dV one can define the
average clump densityq ) used in Eq.[{7) as:

dPy(r)
av -

Clump individual properties.In the code, all clumps have the
same inner DM distribution, which can be any of the profiles
discussed if3:3:4. The mass of the clump generallyimes to
determine all its properties, i.e., its si@r, and once an inner

densﬂy p.r0f|le IS chpsen, its scale radngsand_scale density For a given total density profile and clump spatial distriioit
ps. This is done using the so-call@dncentration parameter . . :
Eg. (@) then gives the smooth density profile as

cvir- Parametrisations of the mass-concentration relatioe hav
been established from numerical simulations for isolateld fi Psm(r) = prot(r) — (osundr)) - (12)
halos EbEb but the concentration generally presentgrafsi

cant scattef [21]. These relations have been implementibein  Using this approach, rather than providing independently a
code, regardless of that scatter or of the environment and fosmooth and a clump profile, ensures (by construction) teat th
mation history of the halos that can alstest the value of the total density profiles follows the one measured in N-body-sim
concentration. We refer the reader§®.3.6 clumps.h) and ulations. This has been discussed in Pieri et al. [23].

the Doxygen documentation for more details.

(subd)) = f Myt (11)

. T . 4Keep in mind that such an assumption fails near the Galaetitre, where
Spatial and mass_dlstrlbutlon of t_he clumpsollowing Lava"e_ 'small clumps are expected to be disrupted by tidal forcethigndirection, the
et al. @], spherical symmetry is assumed and the two distrisignal from the smooth contribution dominates anyway.
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2.3. Calculating the annihilation J-factor where£(M) is the intrinsic luminosity of a clump given by

The astrophysical contribution to the annihilation fluxas-f £(M) = (oa)2 AV (19)
mally given by Eq.[(B). The J-factor is more explicitly weitt Ve ¢ '

as. The average of the distance to any powés written as

AQ | max 1 ) 2 N AQ Imax ndPV 2
= [ l—z(p5m+zp'c.] dide. ay = [ [TriEHedde. (20)
0 |min i min

o Combining these, it can be shown that the average contoibuti
wherepsn is given by Eq.[(IR) and the second term correspondyom the clumps is expressed as
to the sum of the inner densities squared of all clurinpsn-

AQ | M
i i - max gl max dr
tained Wlth the volume element. T_he latter should no_t be con Jeund = Ntotf f vV dldo £(M) M 4M (21)
fused with{(osundr)). Three terms arise from this equation: o Ji, dV Mo dMm

In the same spirit, in the continuum limit the cross-prochest

AQ e
Jsm = f f p2.dldQ (14)  comes
0 Imin AQ  lmax
(Jeross-prod) = Zf f PsmiPsubedldQ . (22)
AQ | max . 2 0 Imin
Jsubs = j(; jl‘ (Zplcl] dida, (15)  The importance of the cross product can easily be identified
min i

when considering that the clump spatial distribution fatcthe
total average density profile. In that cagesundr)) = fpror(r)
andpsm(r) = (1 - f)pior(r), leading directly toJcross-prod/ Jot =
AQ Mlnax _ 2f(1 - f). For a typical clump mass fractioh = 10%,
Jeross-prod = 2 f f PstP'c|d|dQ- (16)  this cross product amounts to 18% of the reference J-factor
0 hin i Jiot = fptzotdldQ . This shows that when an averaged clump de-
scription is used to integrate the signal along the line gifitsi
this cross product is not negligible and should be taken into

Taking oy = 1.9 as a canonical value for the slope of account. Irf Appendix B, it is however shown that on an in-
the mass distribution, with 100 clumps abové M, as de- dividual basis, the cross product of one clump in an underly-
termined from N-body simulations, and a minimal theordtica iNg smooth Galactic component can be safely discarded. This
mass of 10° M, for the smallest ones, the total number of will apply to the clumps that need to be statistical drawnun o
clumps in the Milky Way halo (i.e., foAQ = 4r) is estimated model (see below).
to be~ 10, which is computationally prohibitive. Even if we _ fthe cl o
are interested in a°5x 5° skymap only (i.e.AQ ~ 6 x 1079, 24.2. Varlahce 0. the ¢ gmp Conmbu“m_ilumw .
the number of clumps is 5 x 10'°. This is too large a number Along a given line of sight and for a given integration angle
to realise a statistical drawing according to tifa,ddV distri-  @nt, the average flux betwedpin andlmax given by Eq. [(21L)
bution and then numerically integrate theomponent for each €an also be expressed as
Qf t_hese clumps. However, their high number means that asta- (Joupy = (Nei)(Jrci) (23)
tistical average can be safely performed, as long as thancei . . .
is small. Thecumpy code computes the-ray flux from DM Where(Nd) IS the average number of clumps in th.'s volume
clumps by either randomly drawing clumps given user-defineé%'venﬂ:he dlstanC(fal mtefrval anld mass ranl = C;‘?S'djr?d)’tr?n
spatial and mass distributions and inner DM profiles, or by ca ( 1_°'> I'ke average Tiux o onle c um? (seked;a o[l D dj:ng €
culating the mean contribution whenever the variance o thi point-like approximation, a clump of massat a distancehas

contribution is smaller than some user-defined value. a flux

and the cross product

2.4. Statistical considerations

L(M)

[

Jia = (24)

2.4.1. Averaged quantities from the continuum limit

Given the clump mass and spatial distributions given abov
it is possible to define average values for the primary rando
variables of the problem (a clump mass and position) and the 3 1
one deriving from them. The mean mass and the mean lumi- e = <L><|_2> )
nosity are respectively defined by

S0 that, recalling that the mass of the clump and its locatien
thependent variables,

(25)

The variance on the flux of a single clump is then defined as

Mmax dp 1

(M) = fM vl (17) 7= (B — (i) = (L) <|—4> —(Jra)” . (26)
" & The variance of a population ¢ ) clumps follows as

(&L = L(M)-7rdM . (18) 02 = (Naty 03 (27)

min
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Table 1: Example df; and the associate number of clumps to draw toward the
anti-centre (criterioREy,, 5, 5%) for a 22° skymap with an integration angle
(instrument) ofj=0.1°. Actually, a givenli; gives<ng> number of clumps:

ne to draw is obtained from a Poisson distribution of mean valog >.

Mass decade # clumps I (Kpc) <# clumps- # to draw

log,o (1) (Galaxy)  kpc (8 x 5°) 5 x 5
—-6:-5 35x10% 10x103% 15x10°3

E

vl ol cd v o ol cod cod ol ol

Q\/B 10 ;r 0

lhl:f 10—3; -5:-4 44%x108 10x10° 18x10* 0

o'E w=of -4:-3 56x102 10x103 24x10° 0

. -3:-2 70x10" 73x10° 12x10° 0

107 R . -2:-1 88x10°° 58x10? 7.6x107? 0

10°F N -1:0  11x10° 40x10t 28 3

10—7;, 1-10M J 0:1 14x10° 20 37x10%1 45

1073: e L i | 1:2 17x10° 6.7 10x 10*? 117

0.01 1 | (kpe) 100 2:3 22x10° 16x10t 87x10% 929

min (P 3:4  28x10° 33x10" 36x10% 44

Figure 1: Relative error between tlawerageandtrue Jvalue from clumps 45 35107 58x10 1010 !

Wr?en the signal is integrqted b_etv_vele{ih ar?dlmax, according to E_ql]_28), Ffjor 2 ) ? gg: 1834 ?g: 1821 ii % 101 (1)
Mg € [1,10] Me. The signal is integrated over,; = 0.1° (solid line) or ) ’ :

aint = 0.01° (dashed line). Three directions in the Galactic plane arside 7:8 70x10°  25x10°  6.6x 107 0

ered: towards the Galactic centre (blue), towards thecamtire (black) and 8:9 88x 100 29x10P 95x10°3 0

towards the Galactic East (red). For the latter the greeteddine illustrates 9:10 11x 100 29x17 1.3x10°3 0

how to get the critical distance (here 2 kpc) below which ghsr{in this mass
range) must be drawn if the user requires an accuracy of 5¥digfibutions )
(smooth, clump distribution and inner DM clump profile) aaen as NFW  Threshold mass fjesh for the sub-clumps in an “far-away”

profiles. halo. The second case where the criterion is used is for the
o _ o sub-clumps in a halo located away from us, e.g., a dSph galaxy
2.4.3. Criterion for using the averaged description In that case, the distanckto the clumps is known as they are

For a given integration domain, there is a threshold masall distributed within their parent halo’s radius and we c&n
above which the clumps are not numerous enough to be deéermine in a similar fashion the threshold mass above which
scribed by an averaged description. Conversely, for a giveslumps must be drawn.
mass decade there is a critical distance below which the aver
aged description fails and where clumps should be statiktic
drawn.

The averaged description can be safely used, as long as theCrumpy is written in GC++ and relies of the CERR0OT
relative errorRE made on the clump flux with respect to the library that is publicly available frofhttp: //root . cern. ch.

3. Description of the code

total flux (i.e. including the smooth contribution) The main features of the code are described hereafter alig w
VNG o1 brief descriptions of its most important functions. The €sd
REgumps = (28)  structure is standard, with separate directories for thiowa

Nei{J1er) + Jsmooth : i ) )
_ ci{Jr.el) smoot o pieces of code: declarations areiinclude/x.h, sources in
is smaller than some user-defined prescription. src/*.cc, compiled libraries, objects and executables are re-

Critical distance }; for the clumps in the GalaxyThe RE is spectively in thelib/, obj/, andbin/ directories.

plotted in Fig[1 as a function of the lower limit of the integr
tionlyin. As can be seen, for any required precision (e.g., 5% ir?'l' Code executables .
Fig.[, tagged by the dotted green line), one can infer theecor _ The code has one executable that can take three main op-
sponding distancky; below which the relative error becomes tions depending whether the user i) is interested in perifigm
larger than the request. a generic analysis on the Galactlc_ halo, ||_)__|s f_ocusmg oista |

In practise, it is convenient to perform the calculation in©f Specific halos (e.g. dSph galaxies), or iii) wishes to qerf
terms of mass decades: for each decade, we find (by dichotomg)Statistical analysis on a single object. These main tfsagas
the critical distance below which clumps must be dfawa  © the_ code all accommodate several cases, the details ohwhi
lower limit of 103 kpc is set orlgi to avoid divergences for are given below.
a clump sitting at the observer’s location. An example fa th ) ) )
final number of clumps to draw belol; is provided in Tak11. 3.1.1. Galactic mode: /bin/clumpy -gloption]

The flowchart given in FigJ2 summarises the various steps im- This calculates thg-factor for the Galactic halo, including
plemented ircLumpy to obtain the skymap (see, e.g., Fiy. 3). both the smooth and the clump component. F_or the clump com-
ponent, the mean flux or a stochastic realisation can be nhose

e . . Note that a list of specific halos can be added to the calcula-
This mass decade corresponds to a typical clump ragiuand we also . . .
check that the point-like hypothesis used to derived théicoam limit is ap- ~ tON. Several options a”(_)W to select the quantity _tO be_m:alc
propriate (it > Rei)- latedplotted from a text interface. A mandatory input is the
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READ IN USER-DEFINED PARAMETERS I
DEFINE FIELD OF VIEW | SMOOTH

CLUMPS

( COMPUTE L_CRIT(M) GIVEN CLUMP DISTRIB)

For a given mass decade, need to
determine the distance |_crit below
which the analytical clump estimation
fails and clumps need to be drawn
from dP/dV

COMPUTE NUMBER OF CLUMPS TO COMPUTE ANALYTICAL CONTRIBUTION {
e WMBER OF CLoMP: PUTE ANALYTICAL CONTRIBU | COMPUTE SMOOTH CONTRIBUTION
FROM 0 to L_CRIT(M)

'

| DRAW CLUMPS

¢

IDENTIFY CLUMPS BELONGING
TO THE F.O.V

¢

COMPUTE CLUMP FLUX AND
STORE IN MAP PIXELS

———— ( ADD ALL CONTRIBUTIONS PIXEL BY PIXEL )

For each mass decade

STORE ALL COMPONENTS IN FILES
AND/OR
DISPLAY WITH ROOT

Figure 2: Flow chart of the éfierent steps leading to the creation of-eay skymap.

Table 2: Format of th@SCII file to describe halos processed I4bin/clumpy_dsph -h[option]. 'Type’ should take one of the values giENUM_TYPEHALOES,
namelyDSPH, GALAXY or CLUSTER. 'long’,lat’ and 'd’ are the galactic longitude, latitudand distance to the halpijts redshift andRj its virial radius. The profile
parameters args, I's, 'prof.” (seeprofile.h) and the shape parameters. In particular, if 'pref2HA0, see§3.d), the profile corresponds to the, (3, y) profile
(in which case the next-to-last three columns are usedh HEANASTO is used instead, only the first shape parameter is considered

Name Type long. lat. d z Riir Os rs prof. a B y
- - deg deg kpc - kpc Mokpc 3 kpc - - - -
parameter fileclumpy_params.txt described in§3.2 and ta- e ’option = -g4’ is the same ag-g3’ but including a
ble[3. The options are the following: list of specific objects, such as dSph galaxies.

e ’option = -gi’ plots the total, smooth and averaged e ’option = -g5’ plots a 2D skymap of thé-factor, us-
clump density in 1D, given the user-defined total density ~ ing the averaged clump description. where
and the number of clumps in a given mass range.

>option = -g6’ is similar’-g5’, but adds specific ha-
e ’option = -g2’ plots Jsm + (Jsub9 + <JcrossprodE, re- los to the plots (e.g. dSph), to identify their contrast ® th
spectively defined by Eq_(14), Eq{21) and Eql(22) asa  Packground.

function of the integration an . :
9 gten e ’option = -g7’ and-g8 are respectively the same as
’-g5? and ’-g6’ but with the clumps randomly drawn

e ’option = -g3’ is the same as-g2’ but as a function ) X R
from their user-defined mass and spatial distributions.

of the angular distance to the Galactic centre, for a given

integration angle. _
3.1.2. Halo list mode: /bin/clumpy -h[option]

This usage ofLumpy performs operations that are basically
6Does not exist for decaying DM. the identical to those performed in the 'Galactic’ mode (see




§311), but for a list of halos that are not the Galactic halo. e enum gENUM_GAMMASPECT {kSUSY_BUB9S,

This mode was initially implemented for the study of dwarf kSUSY_T002, kSUSY_BBEO08} for they-ray spectrum;

spheroidal galaxieﬂiZS], but can be extended to any DM halo

(e.g., galaxy clusters). If only the smooth total densitgfite

is considered, the halo profiles are read from a simgler1

list of profiles along with their parameters, as exemplified i

Tab.2. If sub-clumps are considered, thempy parameter file

clumpy_params.txt must also be provided (see table 3).
Again, further options are accessed for this mode by means

e enum gENUM_PROFILE {kZHAO, kEINASTO,
kEINASTO N} for the DM spatial distributions (smooth
and clumpy components). The corresponding shape
parameters (e.g.«(,y) for kZHAQ, « for kEINASTO and
n for kEINASTO_N) should be provided by the user in the
input parameter file (see below).

of a simple text-user interface: This enumerations allow the user to use their explicit denam
e ’-h1’to’-h3’ areidentical to -g1’ to *-g3> buttrans-  UONKXXX, rather than the corresponding integer number. These
posed to any halo that is not the Galactic DM halo: parameters are gathered in the ASCII &ileimpy_params. txt

which is formatted as “Parameter name”, “Units”, “Value”.

e ’-h4’ to ’-h5’ create 2D skymaps of the halo under The function load parameters(filename) defined in
scrutiny using respectively an averaged description or @arams.h reads in the input file and assigns the appropriate
statistical realisation for the sub-clumps within thisdial ~ values to the parameters. The user can change any “Value” in

this fild].
3.1.3. 'Statistical’ mode: /bin/clumpy -s[option]
Confidence levels on the astrophysical facthrfor e.g.  3.3. cLumpy libraries
dSphs, can also be estimated from an ASftistical file The The functions of.Lumpy are located in eleven “library” files,

format for the latter is quite similar to the halo list file gs#oc-  accordingly to their field of action. We briefly describe here
umentation) as it requires the profile parameters, butfiedi  after the most important functions of these libraries. We ar
in the sense that for a single halo, thousands of profiles 'segmitting in this document the more minor functions, the de-
lected’ by a statistical analysis must be provided (thespee-  scription of which can be found in the documentation progtide
tive x* value is necessary, although not used for all CL calcuwith the code. Also, we do not detail here what arguments are

lations). Such a statistical analysis can be the Markov IChaipassed in these functions as it can be easily retrieved finem t
Monte Carlo (MCMC), as discussed in Charbonnier et al. [25];documentation.

Walker et al. [26]. The most important options in the stétét
mode are: 3.3.1. integr.h

e ’-s2’ plots the probability density functions (PDF) and This library contains standard integration algorithms.eTh

correlations of the parameters given in the statistica] file SIMPSON integrator with doubling step is the most widelyduse
throughout the code to ensure that the user-defined pradssio

e ’-s4’ |ocates thex% confidence intervals on the PDF of reached. Depending on the function to integrate, eithealin
each parameters; or logarithmic stepping can be used.

e ’-s5’ computes, for each radius from the dSph centre, th%_3_2_ goometry.h

median and confidence levels of the DM densifs); In geometry.h are gathered functions performing geomet-

e ’-s6’ is the same as-s5’ but for J(ain), i.€. as a func- rical tasks (change of coordinates, etc.). They are nohéase
tion of the integration angle; for the presentation of the code and generally self-exjapa
We refer the reader to the extensive Doxygen documentation
e ’-s7’ is same as-s5’ but for J(6), i.e. as a function of gng td Appendix A for more details.
the angle to the centre of the halo.
) 3.3.3. inlines.handmisc.h
3.2. User-defined parameters These contain some definitions (unit conversion and inline

For most of the options used above, a user-define parametInctions) and miscellaneous formatting functions retipely.
file is read. Tabl€]3 gives the list of the main parametershEac

parameter is a single word formattedg¢for global parame-  3.3.4. profiles.h

ter) + physics keyword- parameter name. For instan€esM0 This library contains all the density profiles available e t

refers to cosmology-related parametarePE defines the type  code and operations on those. Among the functions in the “pro
of halo under scrutiny (dSPh galaxy, galaxy or galaxy chsjte files” section of the code, some act in a very straightforward
andGAL refers to the Milky Way halo parameters. Note also thatyay (e.g. squaring the density) and are not included in the

the parameters ending IFLAG CVIRMVIR, FLAG SPECTRUM,  present document. The reader is, once again, referred to the
andFLAG_PROFILE should take values from the fO”OWlng enu- Doxygen documentation for a full description_

merations:

¢ enum gENUM_CVIRMVIB {kBO1, kENSO1, kJS00} for “Some of these parameters are optional and used only for fispeci
the clump concentration; modes [options]



Table 3:cLumpy user-defined input parameter filelimpy _params . txt).

Name

Definition

gCOSMO_RHOO_C
gCOSMO_OMEGAO_M
gCOSMO_OMEGAO_LAMBDA

gDM_GAMMARAY FLAG_SPECTRUM
gDM_MMIN_SUBS
gDM_MMAXFACTOR_SUBS
gDM_RHOSAT

gTYPE_CLUMPS_FLAG_CVIRMVIR'
gTYPE_CLUMPS_FLAG_PROFILE
gTYPE_CLUMPS_SHAPE_PARAMS [0-2]
gTYPE_DPDM_SLOPE
gTYPE_DPDV_FLAG_PROFILE
gTYPE_DPDV_RSCALE
gTYPE_DPDV_SHAPE_PARAMS [0-2]
gTYPE_SUBS_MASSFRACTION

gGAL_CLUMPS_FLAG_CVIRMVIR
gGAL_CLUMPS_FLAG_PROFILE
gGAL_CLUMPS_SHAPE_PARAMS [0-2]
gGAL_DPDM_SLOPE
gGAL_DPDV_FLAG_PROFILE
gGAL_DPDV_RS
gGAL_DPDV_SHAPE_PARAMS [0-2]
gGAL_SUBS_M1

gGAL_SUBS_M2
gGAL_SUBS_N_INM1M2
gGAL_RHOSOL

gGAL_RSOL

gGAL_RVIR
gGAL_TOT_FLAG_PROFILE
gGAL_TOT_RSCALE
gGAL_TOT_SHAPE_PARAMS [0-2]

gSIMU_ALPHAINT DEG
gSIMU_EPS
gSIMU_IS_ANNIHIL_OR_DECAY
gSIMU_SEED

Critical density of the universeM,, kpc3]
Present-day pressure-less matter density
Present-day dark energy density

y-ray spectrum flaggENUM_GAMMASPECT]

Min. mass of a DM (sub-)clumpM]

Defines max. mass of clump in host haloMg.x = Factorx Mpest
Saturation densityNl, kpc 3]

Clump concentration flag in the parent TYPE hgEUM_CVIRMVIR]
Clump inner profile flaggENUM_PROFILE]

Shape parameters for sub-clumps inner profile

Slope subclump mass function

Spatial distribution subclumpgENUM_PROFILE]

Scale radius for the subclump distribution in the parent ffigbc]
Shape parameters for the clump spatial distribution

Mass fraction of the parent halo in sub-clumps

Concentration flagdENUM_CVIRMVIR]

Clump inner profile flaggENUM_PROFILE]

Shape parameter for the Galactic clumps inner profile
Slope the clump mass function

Clump number distribution flag

Scale radius for clumps [kpc]

Three shape parameters for the Galactic clump spatiailaigtn
Reference mass f@GAL_SUBS_N_INM1M2 [My]
Reference mass f@GAL_SUBS_N_INM1M2 [M;]

# of clumps in My, M;]

Local DM density [GeV cm?]

Distance Sun — Galactic centre [kpc]

Virial radius of the Galaxy [kpc]

Total DM profile of the Milky Way EENUM_PROFILE]
Scale radius for DM halo of the Milky Way [kpc]
Shape parameter for the Galactic total density profile

Integration angle [deg]

Default precision for numerical integrations
For annihilating or decaying DM

Seed of random number generator

T TYPE corresponds to the type of halo under scrutiny (not the Galhalo): DSPH, GALAXY or CLUSTER are the values
allowed bygENUM_TYPEHALOES in this version.



Table 4: Standard DM density profiles parameters, follovéog [29).

@ B y Reference
ISO 2 2 0 -
NFW97 1 3 1 Navarro et al. [13] .
M98 15 3 15 Moore et al. [14]
DMS04 1 3 1.2 Diemand et al. [15]

e rho_ZHAOQ returns the DM density of a user-defined profile
having the generic functional form given in Zhaol[12]

e rho simply returns the value of the density by calling any

of the functions above, depending on the value of the pro-
file flag given inclumpy_params. txt.

For two density profilep; andp,, rho mix returns either
the diferencep; — p, or the producpip,. This is needed
when computing Eq[{12) for the smooth density profile or
Eq. (22) for the cross product.

3.3.5. integr_los.h

This is the core of theLumpy code as it contains the rou-

Ps
(r/rs)” [1+ (r/rs)<r](ﬂ—7)/<r :

p(r)?O = (29)

tines performing the integration along the line of sighedtion
(6, y) and over the chosen angular resolutigq. Given a func-

) tiong(l, a, B; 0, y) where {, a, B) are spherical coordinates in the
The isothermal, Navarro et al. [13], Moore et al.|[14], and (g, ) direction (see Fid.l6), the integration along the observa-

Diemand et al.[[15] profiles are all from the Zhao family.
They are defined using E{.(29) with the set of parameters
of table[4. The user is required to specify these parameters
in the ASCII input file.

e rho EINASTOandrho EINASTON:ithas beenarguedthat e
a profile with a logarithmic inner slope gives a better fit to
the simulated data. This so-called Einasto is generically
written as

p(r) oc exp(—Ar?) .

In Navarro et al. |_[_;|6] and Springel et al. [9] the Einasto
profile is defined as

pENASTO() — exp(—— (30)

HE= =)

[

where r_, is the radius at which the profile’s slope
dinp/dInr -2, andp_, the corresponding density.
Both Navarro et al. [[16] and Springel et alg|:| [9] find
a ~ 0.17 to be a good fit to the smooth component of sim-
ulated halos. Springel et al [9] further notes that 0.68
allows a good description of the spatial distribution of-sub
structureP/dV.

Merritt et al. [17] use an Einastd’" profile, slightly dif-
ferent from the above and given by

1/n
PEINASTON (1) =peexp(—dn . [(rL) - 1}] . (31)

e

wheren = 6 andd, = 3n-1/3 + 0.0079n. The scale
radiusre in this relation correspond to the radius within
which half of the halo mass is enclosed.

e The normalisation density of all these profilgs,(o-2
or pe) can be done by i) either requesting a given value
for the density at a given point or ii) by requesting
a given mass within a given radius. The functions

tion cone, from to |, is generically written as:

21 @int l2
1(0,y) =f dﬂf sina da o, a,B; 9,(//)|2d| .(32)
0 0 Iy

integrand 1: returns the value of the function
f(l, . B;0,¥) = o(,a,B;6,¥)1%. A switch is included to
integrate dfferent functions of the density profite Note
that herep can refer to any profile or distribution, be it the
density or the spatial distribution of clump#®,,/dV de-
pending on the normalisation used. The functions that can
be integrated along the line of sight are:

— f(l, @, 8;0,¥) = p when calculating the clumps aver-
aged contributiofJs,ne of Eq. (21).

— f(l,a.B;6,¢) = p? in order to evaluate J such as in
Eq. (13).
— f(l,a,B;6,¢) = 1%p is used to calculate the mass

fraction or number fraction of clumps in the integra-
tion volume;

— f(l,a.B;60,¢) = I®p is needed when estimating the
mean distance of the clumps as in EqgJ](20).

— f(l, @, B;6,¥) = %0 is needed when estimating the
variance of distance of the clumps.

— f(l,a.3;60,¢) = 17?p must be evaluated to evaluate
the variance on J as in E.{26).

Note that if decaying rather than annihilating DM is be-
ing considered, i.egDM_IS_ANNIHIL_OR_DECAY is false
inst%ad oftrue, anyp? is replaced by in the above func-
tiongl.

A variation of this function, calledntegrand 1rel, is
used whenever the steepness of the profile requires it (see
Doxygen documentation for more details).

e fn_beta_alpha: computes the third integrand in EQ.132),

namely the integration over The functions to inte-
grate roughly behave as power laws, with a varying slope,

set_parO_given rhoref and set_parO_given mref
achieve the normalisation using both approaches.

8This makes some of these functions redundant for decayhbutare still
required for annihilation.



and log-step Simpson integration schemes are used (seee

integr.h). Some profiles can be very steep and several

tests and tricks are needed to ensure the numerical stabil-

ity/optimisation of the integration. The reader is again re-
ferred to the documentation for an explicit description of
the integration strategy.

e fn beta: computes the integration over the anglan
Eg. (32). A simple linear Simpson integration scheme is
used.

e los_integral: itis the final part of the triple integration,
i.e. the integration over the angle This is again per-
formed quite easily with a linear Simpson scheme. This
function is called whenever a single density profile is to be
dealt with.

e los_integral mix: as seen previously, it may be nec-
essary to integrate a ftierence or a product of two
densities along the line of sight. A flag parameter
switch rho is introduced to tellcho mix to return ei-
therp; — p2 (switch rho = 0) or pyp2 (switch rho =
1) (seeprofiles.h). This function then behaves identi-
cally to los_integral and uses the same flags with re-
spect to the quantity to integrate.

3.3.6. clumps.h

All the functions related to the clumps mass and spatiafidist
butions are gathered in this file. Here, we only give an oeswvi
of the most important ones.

e add halo_in map: when using the code to generate a
skymap where clumps are randomly drawn from their
mass and spatial distribution, this adds the J contribution
of the drawn clump to the appropriate pixels. The clump
is only added to a pixel il (pixel) > € x Jsm(pixy) where

fracnsubs_in_mim?2 returns the fraction of clumps with
a mass in the rangerj, mp], given the total number of
clumps.

jcrossprod_continuum returns the value of the cross-
product integrated along the l.0.s as defined by EQ. (22).
This is a simple call tdos_integral mix.

jcrossprod_interpolation interpolates the value of

in the pixels of a skymap, provided thathas previously
been estimated in some locations of the map. This makes
use of ROOT interpolation function based on Delaunay’s
triangles and allows to speed-up the calculation signifi-
cantly when the skymap has a (too) large number of pixels.

j_smooth returns theJ-factor when a single density
profile is used (e.g. pwt). This is a simple call to
los_integral.

j-smoothmix is the same as above but deals with a
combination of densities, e.g. when computing Eql (14)
where psm = pwt — (pa). This is a simple call to
los_integral mix.

j_sub_continuum computes and returns the averagkd
generated by the sub-clumps in a halo, in a given line of
sight.

e lum_singlehalo returns the total intrinsic luminosity of

a DM halo, given its inner density profile as in Eg.J(19).

mass_singlehalo returns the total mass of a DM halo,
given its inner density profile.

3.3.7. spectra.h

Pixo is the pixel containing the centre of the clump and  Thjs liprary contains the ierent parametrisations of the av-

€ is the requested integration precisigBIMU_EPS. This
avoids the clump from being integrated “too far” which
would only be time consuming without changing the re-
sult.

e dpdv_XXX andset_normprob_dpdv: the former function

eragey-ray spectra,

dN, dNf

—= = —B
dE, ~ Z4dE,

(33)

returns the spatial distribution of the clumps as described the particle physics term of EQ.1(2). As mentionedil.1,
in §2.21 and the second calculates the appropriate note have included the Bergstrom et [21.[4] and Tasitsiomi &

malisation to make it a probability according to Eg. (9). Olinto ! )
Bringmann et aI.|]6] expression of the internal bremsstrag!

The functiondpdv_XXX is written in several versions de-

[5] parametrisations for thg-ray continuum and the

pending of the reference frame and coordinate system iR€finingx = E,/m, the three parametrisations are given by

which the clumps are drawn (cartesi&tk=xyz, spherical
centred on the galactic centx@&X=rthetapsi, spherical
centred on EartlixX=1thetapsi, or centred on Earth, in
the coneAQ, in the direction §, ) XXX=1alphabeta).

e dpdm andset_normprob._dpdm: this is the equivalent of
the above but for the mass distribution of the clumps as

given by Eq.[(ID).

e fracnsubs_in foi returns the number fraction of
clumps in a given field of integration w.r.t. the total num-
ber of clumps in the host halo

10

their corresponding functions below.

dNdE_BERGSTROM returns
dN 1 ~7.
7 _-073.- —. M
dE, m, xt5

dNdE_TASITSIOMI computes the-ray spectrum as

dN, 1 (10 545 5
dE, ~



e dNdE_BRINGMANN estimates the internal bremsstrahlung e stat_CLs is the most important function in the statistics

contribution with option and computes the confidence levels of a quantity
(density, J-factor) from its PDF.
> 2

dN, 1 o 40¢-x+1) 1-x+¢/2 1

== —.—— Inf2. ———— -3+ x-Z| .

dE, m, 7 x(1-x+¢€/2) € 4. Run2xamples
wherea = 1/137 is the fine structure constant anis the This section provides a few plots obtained by using the
ratio of the mass of th&/ boson to the neutralino mass clumpy executable. Many more examples and illustrations are
€ = My/m,. provided along with the Doxygen documentation.

3.3.8.stat.h 4.1. Sky maps

The functions included in this library perform simple stati Figure[3 shows two examples of & & 5° skymap of the
tical operations on the random variables of the problem $masJ-factor (option’-g7’ of clumpy_gal), when looking 10 off
and distance of the clumps) and on quantities deriving fronthe Galactic centre (left) or towards the anti-centre (ighhe
them (luminosity, J-factor). Ultimately, these are mained  angular resolution is.01° and the Galactic smooth DM density,
to determine the critical distance (or threshold mass)welo clump distribution and clump inner profile are all assumed to
(above) which clumps need to be drawn ($£84.3 for the  follow an NFW parametrisation.
adopted procedure). Given these dark matter spatal (dV) Similarly, skymaps of individual objects can be performed
and massdPn/dM) distributions defined i§2.2.1): (option >-h5° of clumpy.-dsph). In Fig.[4, a "generic” dwarf
. : galaxy, including a population of subclumps, is integraieer
» for a given mass arjdr distance rangepeaniclmass, 0% (left), 0.05° (middle), and 01° (right). As the resolution

meanlcl, meanlcl_lum2, meanlicl_1l, and meanlcl_j .
: S . ___increases, more substructures become apparent but th#gd-fa
return respectively the average mass, luminosity, luminos.

ity squared, distance and J-factor of one clump; Is strongly reduced.

e varicl mass,varlcl_lum,varicl_1,andvaricl_jre- 4.2. dSphs and statistical tools
turns the variance of the corresponding random variable; The three panels in Fig 5 illustrateumpy capabilities on the
] ) ) dSphs. The top left and bottom figures are taken from Char-
e finally, knowing the variance of the J-faCth of one c_IL_Jmp, bonnier et al.|[25], and the top right one is a direct resuthef
find_lcrit_los and find_mthresh_los find the criti- analysis performed in the above paper. Runringey on the

cal distance and threshold mass for drawing the clumpgjeayit parameters will not give these plots, but similagsim
They both rely on a simple dichotomy to bracket the de'spirit.

sired quantity, as illustrated on Higj.1.

3.3.9. janalysis.h 5. Conclusions

This is the top-level library. It contains the main funcon e .\ \ey code is optimised to calculate the line-of-sight

called when invoking any of the three options of clumpy (gala jteqration of the density afur the density square of the DM
tic halo, halo list or statistics, s€B.1). Note that the first word distributions (smooth and clump distributions). It can Ised

"xxx’ of the function’s name refers to which option they belong by (i) experimentalists looking for realistig-ray skymaps to
t0 (xxx=gal, xxx=halo, Or xxx=stat). calculate their new instrument sensitivity, or simply te tisem

e xxx_j1D handles all the 1D calculations of the Galactic or " Modejtemplate analyses for the DMfHise emission near

halo options. It computes(r), J(aint), andJ(6), whered the Galactic centre (or for dSphs), (ii) for astrophyskiisbrk-
is the angle measured w.r.t. the Galactic centre. ing on the reconstruction of the DM content of dSphs who wish

to calculate the J factor as a by-product of their study) (iii
 xxx_j2D generates the 2D skymaps for the smooth, avertheoreticians who want to plug their preferred particle ity
aged and statistically drawn clump contributions. It alsomodel and see what is the correspondingay flux in the
include the cross product term and It applies to both theGalaxydSph. The code is fully documented and provides many
Galactic and halo options. functions that makes it versatile and flexible.
Many improvements are possible for a future release. The

e xxx_load list loads the list of halo under scrutiny either . . : )
simplest and more straightforward ones to consider are:

for the halo mode or the statistical option. The list should
be provided as an ASCII file with the format given in ta- e Extra-galactic signal from the local structures (e.g. loca
ble[2. clusters, Nezri et al. in prep.), but also from the high-

. - redshift isotropic contribution.
e xxx_set_par* are a set of functions filling the parame-

ters arrays to be passed to the above functions with the e The possibility to have the so-called Sommerfeld-like en-

proper quantities (e.g., profile flag and shape parameters, hancements. This requires to couple the calculation of the
concentration flag, etc.). It applies to the Galactic and hal spatial density of DM to the position-dependant velocity

options. of the DM patrticles.
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Figure 3: Example of twoSx 5 skymaps, at 10from the Galactic centre (left) and towards the anti-c€right), for a Q01° angular resolution, obtained from the
skymap mode ofLumpy. The colour scale gives thevalues. These maps are obtained with the following commatidra . /bin/clumpy -g7. CLumpy will
display the results automatically but these images have peluced with Gnuplot for aesthetic reasons.

1 1 1
05 le+10 05 le+10 05 le+10
0 0
1e+09 1e+09 1e+09
05 05 0.5
-1 le+08 -1 le+08 -1 1e+08
-1 05 0 0.5 1 -1 05 0 0.5 1 -1 0.5 0 0.5 1

Figure 4: Skymaps of a fake dSph galaxy at threfedent resolutions:.Q° (left), 0.05° (middle), and M1°(right). Note that ROOT will automatically display the
image, but these ones have been plotted using the outpuwvitle§Snuplot. These maps are obtained with the following ownd option:. /bin/clumpy -h5

o

e Neutrino annihilation spectra and fluxes. to compare with the Galactic astrophysical backgroundss Th

Some other improvements are intrinsically mor@diult to add, will be considered for a second release of the code.

as they depend on astrophysical inputs that are not welt-dete

mined. Indeed, in the absence of a smoking gun signature fokcknowledgements

indirect detection (e.g. a line detection), multi-wavejémand . )
multi-messenger analyses seem to be a compulsory approach e thank E. Nezri and J.-C. Lambert for their useful com-

To do so. one needs to take into account ments on the code. We also thank the anonymous referee the
. ) ] many constructive comments that improved both the code and
e the anti-proton and anti-deuteron signal; the paper.

e electron and positron production;

e secondary multi-wavelength emissions from leptons. Appendix A. Geometry and change of coordinates

Finally, the cumpy code could be coupled to some parti- We define two frames of reference: one attached to the ob-
cle physics code to get more specific annihilation spectrp,(e Server the origin of which is the Earth, and the other linked t
darkSUSY, Gondolo et al.|__LiZ7]; MicrOMEGAs, Belanger et the Galactic Centre (see FId. 6). The frame related to ththEar
al. @]), or to some cosmic-ray propagation code (e.g. GALAE, I, ¢, ) is spherical, and is identified to the Galactic coordi-
PRO, DRAGONY or USINE, Maurin et al., in preparation) nate systeml.is the distance to the Earth, the Galactic longitude

¥ is measured in the plane of the Galaxy using an axis pointing

%httpy/galprop.stanford.edu from the Earth to the Galactic Centre, the Galactic latitisde

Lonttpy/mwww.desy.dg macciongDRAGON/ measured from the plane of the Galaxy to the object.
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Figure 5: Top left: boost factor as a function of the integration angle for 'saV@eneric dSphs.(/bin/clumpy -h2). Top right: median (solid line) and 95%
confidence levels (dashed lines) of théactor as a function of the integration angle for the DraSpldl (. /bin/clumpy -s6). Bottom panel: the J-factor for the
dSph can be over-plotted on the galactic smooth and meampcluifactors (. /bin/clumpy -g4).
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Figure 6: The geometry as defined in thempy simulation. Two frames are used: the Galactic Centre framiettze Galactic coordinates. For a given direction of
observation(y, 6) (l.0.s. for line of sight), we will run over all the andg directions within the solid anglaQ.
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Figure 7: Relative importance of the cross-product w.ithtotal J calculation for i) a clump embedded in the Gatdwio in the anti-centre direction (top panels)
and ii) a sub-clump in DM halo located 100 kpc away (bottomgisin Several masses for the clump have been consideretiairdegration angle igjn; = 0.1°.

The Galactic Centre fram@C, x,y, z) is a cartesian frame,
where the(GC, x) and(GC,y) axes are in the Galactic plane,
and the(GC, z) axis is pointing to the North Galactic pole. In
this frame, the position of the Earth(sR,, 0, 0), where R is
the distance between the Earth and the Galactic Centre.

configuration (top), ii) the distance of the clump to the cewf
its host halo (bottom). In both cases, these curves showabat
far as one individual clump is concerned, the cross-product
completely negligible, whatever situation occurs: it amistat
most to~ 1%.

The change of coordinates formulae are given in the docu-

mentation geometry.h).

Appendix B. Cross-product of individual clumps

2

In §2.3 it has been shown that the cross-product between th@tg%
underlying smooth DM density and that of all the clumps in [4]
the line of sight (when using an average description) can sig

nificantly contribute to the value of J in the line of sight.idt
interesting to check what contribution it brings when cdesi
ing one clump only (rather that the entire distribution). Wée
the same equations as $2.3 but written for one clump only
and numerically integrates J. Two configurations are explor

i) a clump embedded in the Galactic halo (figj. 7, top panels)io]

and ii) a clump embedded in a host halo located away from thﬁg

sun (fig[T, bottom panels).

In fig.[d, the relative error made when neglecting the cross%m]

productis plotted against i) the distance to the clump fefittst
14
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