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Who am I?

• Did my PhD in 2017 at DESY Zeuthen (close 
to Berlin, Germany) in VERITAS and CTA: 
contributed to Clumpy v2 and v3. 

• One year Postdoc at Humboldt University 
Berlin 

• Since 2018 Postdoc at the Max Planck 
Institute for Physics in Munich (Germany) 

• Moving to ICRR Tokyo in two weeks 

• Working on Indirect DM detection with 
MAGIC and data analysis of LST-1 
telescope (together with MAGIC).
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Program for the tutorial

• 20 Minutes Intro, Recap, and first steps into the code together with all of you 

• First exercise in small groups: 30 minutes 

• Solution of first exercise all together + Q&A: 15 minutes  

• Second exercise in small groups: 30 minutes 

• Solution of second exercise all together + Q&A: 15 minutes 

• Close-out further questions: 10 minutes
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1. Introduction: What is CLUMPY for? 

1702.04348



What is CLUMPY?
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• Open-source code, written in C/C++ 
• Public development on GitLab 
• Depends on: 

• gsl 
• Heasarc’s cfitsio 
• HEALPix (shipped with the code) 
• CERN’s ROOT (optional) 
• GreAT (lpsc.in2p3.fr/great, optional) 

• CLASS (optional) 

• Runs on Linux and MacOS X 
• Extensive web documentation

Provide the community reproducible models for J-factors and prompt γ-ray/ν fluxes  
Bridge between heavy numerical simulations and experiments:  
• Fast emulator to calculate J-factors/fluxes from simulation end-products down to smallest 

mass scales  
• Explore varying simulation results in a parametric way: fast, flexible, user-friendly  
• Jeans-analysis module to reconstruct dSph DM density profiles from kinematic data

https://lpsc.in2p3.fr/clumpy/ 

Hütten et al. (CPC, 2018), arXiv:1806.08639 

Bonnivard et al. (CPC, 2016), arXiv:1506.07628 

Charbonnier et al. (CPC, 2012), arXiv:1201.4728
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Indirect DM detection in γ-rays and ν: Recap

�6 ISAPP DM school | 28.6.2021

NASA/G. Dinderman 

Detectors for 
astrophysical  γ-rays 

and neutrinos

Fermi-LAT

CTA

IceCube

Annihilation or decay of the DM
Dense & massive 
astrophysical DM 

budget

(m > GeV)



Indirect DM detection in neutral particles: Recap
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Aquarius simulation – Springel et al. (Nature, 2008)
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CLUMPY calculates J-factors/fluxes for all the various targets

+ ensemble average of extra-
galactic DM (d > Gpc)

+ single galaxy clusters (d > Mpc)

Where to look?

Satellite 
galaxies

Galactic 
center

“Dark” 
subhalos
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dΦ ann

dEobs
=

1
4π

⟨σv⟩
δ m2

χ
×

dN
dE

(E) × ∫ΔΩ ∫l.o.s.
ρ2

DM dl dΩ

Indirect DM detection in neutral particles: Recap
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×  J : Astrophysical factorParticle physics

Prompt γ-ray/ν flux for single source & DM annihilation:

Flux =

(CLUMPY can also do all calculations for DM decay) 

J-factor main uncertainty in indirect DM searches



Indirect DM detection in extragalactic γ-rays

• γ-rays from outside the local Universe: 

•Redshifting of  the γ-rays/ neutrino energy loss 

• γ-rays absorption by pair-production with photons of the extragalactic background light (EBL)
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LEXI, University of Hamburg

F. Aharonian (2004)
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Indirect DM detection in extragalactic γ-rays
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➡ More intricate form of flux equation (single extragalactic object):

➡ N.B.: Separation in particle physics/astrophysics term breaks down if 
considering a signal originating from multiple redshift shells

annihilation boost in smaller proper volume description in comoving coordinates

redshift

EBL absorption



CLUMPY: rationale
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ΔΩ

1022 1023 1024

CLUMPY: J-factor integrator (with accounting for many subtleties) 

‣ 1D: J-factor or fluxes integrated over solid angle ΔΩ 

‣ 2D: Skymaps for dJ/dΩ or dΦ/dΩ 

(Jeans-analysis module not covered in today’s tutorial)



DM halos: Recap
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• In CLUMPY, use various parametric families od spherical 
density profiles (next release: also arbitrary numerically 
defined profile possible) 

• Once family-parameters are fixed, a halo is fully defined 
by its scale radius rs, density at scale radius ρs = ρ(rs), 
and outer bound RΔ. 

• (Generalisation to triaxiality (also implemented) adds six 
more parameters)



DM halos: Recap
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• The three parameters to define a halo, rs, ρs = ρ(rs), and RΔ can be replaced by: 

•Mass of the halo, MΔ , 

•A functional relation RΔ(MΔ), 

•The halo concentration c = r-2/RΔ  (r-2 where the log-slope of the profile is -2, fixed relation to rs for a profile) 

• Implicitly presuming a RΔ(MΔ) relation makes a profile only depend on MΔ and c. 

• Additionally presuming a strict c(MΔ) relation makes a halo uniquely be defined by its mass                                
(“all halos of the same mass look the same”)



Halo definition in terms of mass and concentration: Recap 
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Sánchez-Conde et al., 1312.1729

vs.

Concentration: measure of the “spikyness” of a halo: 
Defined as

c = r-2/RΔ as function of halo mass:

Descriptions in CLUMPY

RΔ as function of halo mass:

Descriptions in CLUMPY
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2. The substructure problem 



Non-linear contribution from substructures: Recap

• Signal gets enlarged for very dense packing of mass 

• Signal gets enlarged for sub-(sub-sub…)-structuring of the mass 

• While integral over fractal density (= total mass) is finite, integral over square-density may diverge
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∫ ( )
2

= 2 × ∫ ( )
2

J = ∫ΔΩ ∫l.o.s.
ρ2

DM dl dΩ

dSph: boost ~ 1 – 2  
Galaxy cluster: boost ~10 – 100 

Substructure boost =
Jsmooth + ⟨Jcross−prod⟩ + ⟨Jsub⟩

Jno subs



ℒ(M, c) = ∫Vcl

dV (ρcl)2

Averages for the substructure signal: Recap
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Milky Way

exact realisation (mass and position) of DM substructures not needed

Do not resolve trillions of 
substructures, but calculate the 
average signal over ensemble 

quantities
⟨Jsubs⟩ = ∫

dΩ

0 ∫
lmax

lmin
∫

Mmax

Mmin
∫

cmax

cmin

dldΩdMdc
d3N

dVdMdc
ℒ(M, c)

⟨Jcross−prod⟩ = 2 ∫
dΩ

0 ∫
lmax

lmin

dldΩ ρsm⟨ρsubs⟩ ⟨ρsubs⟩ = fsubs Mhalo
d𝒫V

dV
(r)

ρsm = ρtot − ⟨ρsubs⟩

User-defined 
input quantity



Four contributions to the J-factor
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Jsm

++ +

=

⟨Jsubs⟩⟨Jcross−prod⟩ Jdrawn

resolved substructures, 
see later

Total signal from DM annihilation



•                  : Probability to fin clump at some radial position in the host halo: usually flatter than total DM density  

•                                : probability density of substructure mass: independent of position in halo 

•                                                               : total number of substructures in halo  

•                    : Log-normal distribution around mean �c̄(M, r)

The <Jsubs> term
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d3N
dVdMdc

= Nsubs
d𝒫V

dV
(r) ×

d𝒫M

dM
(M) ×

d𝒫c

dc
(M, r, c)

⟨Jsubs⟩ = ∫
dΩ

0 ∫
lmax

lmin
∫

Mmax

Mmin
∫

cmax

cmin

dldΩdMdc
d3N

dVdMdc
ℒ(M, c)

d𝒫M/ dM ∼ M−αM

Nsubs = fsubs Mhalo / ∫
Mmax

Mmin

dM M
d𝒫M

dM

d𝒫c/ dc

d𝒫V/ dV

User-defined 
input quantity

In worst/naive case,   dimensional integral to calculate (slow…) 5N sub−levels



Multi-level substructures

• Additionally, the signal boost from sub-substructures can be computed in an iterative way: 

• Despite many optimizations of the integration, it is not computationally not possible to compute multi-level 
substructures with scatter in the concentration 
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sub



2D skymaps: Resolving the substructures with the Relative-Error approach

• Resolving signal from all substructures in a halo (Nsubs ~ 1014-15 for mmin=10-6 Msol and αM=2) impossible 

• Applying a mass-cut also not convenient: Close-by light clumps may shine brighter than far-away heavy ones 

• Choose distance below which to resolve as function of mass: lmin(M) 

• lmin(M) determined by the maximum allowed relative error w.r.t.                                                                                               
the varying flux if all substructures were resolved:
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5. Commanding the code 



CLUMPY modules
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• Clumpy has 4 modules + several helper routines: 

•    -g  ➔  run on the Galactic halo only (plus optionally list of halos) 
•    -h  ➔  run on (a list of) halos (not the Gal. halo) 
•    -e  ➔  run on extragalactic DM 
•    -s  ➔  statistical Jeans-analysis 

•    -o  ➔  export the output FITS file into a different format 
•    -z  ➔  gamma and neutrino spectra 
•    -f  ➔  append extension with fluxmaps to existing FITS file 

• List is directly displayed when typing (if CLUMPY installed and $CLUMPY environment variable set):

The main modules

Auxiliary/additional routines

> $CLUMPY/bin/clumpy

CLUMPY designed for self-explanatory guidance (no manual should be needed: Let us know if achieved!)



CLUMPY modules
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• Every module consists of several subroutines to call. For example, the galactic module: 

•    -g0  ➔ M(r) 
•    -g1  ➔  rhosm+<sub>(r)  
•    -g2  ➔  Jsm+<sub>(alphaint) 
•    -g3  ➔  Jsm+<sub>(theta)   
•    -g4  ➔  Jsm+<sub>+list(theta)   
•    -g5  ➔  2D-skymap Jsm+<sub>  
•    -g6  ➔  2D-skymap Jsm+<sub>+list 
•    -g7  ➔  2D-skymap Jsm+sub  
•    -g8  ➔  2D-skymap Jsm+sub+list  

• The submodules are displayed when executing CLUMPY followed by the module flag:

> $CLUMPY/bin/clumpy -g



How to execute CLUMPY
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• Clumpy is by default executed by adding after calling the binary ($CLUMPY/bin/clumpy): 

•The submodule to call, prepended by a single dash:   -g1, -h2, -e5,…  

•A parameter file prepended by -i or --infile:   -i param_file.txt

• There are some additional command line options: 

•A default parameter file for a submodule is created with -D (or short, e.g., -g1D).                                           
Force creating file with all CLUMPY parameters (also unused for specific module with an additional --all)  

• Individual parameters (normally listed in parameter file) can also be called via the command line via.             
--parameter_name=value. Command line input overwrites parameter file content. 

•Use -p to prevent ROOT display (batch mode) or -d to prevent file writing (display mode) 

•Order of input does not matter, except submodule necessary to be first option.



First CLUMPY run (quick start tutorial)
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• Then execute your first run by first creating a default parameter file: 

This will create the file clumpy_params_g1.txt

• Then use this just created parameter file to really execute the submodule: 

• This should create an output file and with ROOT linked, also a pop-up graphic. 

• Switch on a linear x-axis grid by overwriting the corresponding parameter value in the file on the command line: 

Of course, you can alternatively also change the gSIM_IS_XLOG value in the parameter file.

> $CLUMPY/bin/clumpy -g1 -D

> $CLUMPY/bin/clumpy -g1 -i clumpy_params_g1.txt

> $CLUMPY/bin/clumpy -g1 -i clumpy_params_g1.txt  --gSIM_IS_XLOG=0



CLUMPY parameters
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• In the parameter file, parameters are sorted after topics and appended by short explanation:



CLUMPY parameters
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• The full parameter list is also on the website at http://clumpy.gitlab.io/CLUMPY/parameters.html:

N.B.: More complex input, e.g., the definition of halo 
properties or nodes of a numeric profile are outsourced to a 
separate file (called by the parameter file) 

http://clumpy.gitlab.io/CLUMPY/parameters.html


CLUMPY keywords
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• Some parameters do not take numbers or free strings (file names), but specific keywords out of a list 

• Keyword parameter values are indicated starting with a small k, e.g., kGAMMA. 

• The available keyword values for the respective parameters are also listed on the website: http://
clumpy.gitlab.io/CLUMPY/enumerators.html, e.g.:

http://clumpy.gitlab.io/CLUMPY/enumerators.html
http://clumpy.gitlab.io/CLUMPY/enumerators.html


1st exercise (30 minutes):

1. First calculate the total J-factor number: 

A. Figure out which CLUMPY module is suited for that (N.B.: do the 
calculation in 1D, not skymap mode). Hint: Use http://clumpy.gitlab.io/
CLUMPY/doc_modules.html 

B. Find the total halo properties of the Coma cluster in 1104.3530. Caveat: 
CLUMPY requires ρs = ρ(rs) = 0.25 ρ0  

C. Figure out how to provide the Coma halo parameters to CLUMPY.    
(N.B.: Define it as CLUSTER object in CLUMPY) 

D. Do the calculation first without taking into account halo substructure. 
Repeat the calculation with adding substructure, and play around with 
substructure parameters gDM_SUBS_X and gCLUSTER_SUBS_X

2. Calculate the spectrum at Earth between 100 GeV and 10 TeV for a thermal 
annihilation cross section,  mDM = 10 TeV, and annihilation into tau leptons. 
Hint: Use the -z module.
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Calculate the J-factor and gamma-ray spectrum from DM annihilation in the Coma cluster  

http://clumpy.gitlab.io/CLUMPY/doc_modules.html
http://clumpy.gitlab.io/CLUMPY/doc_modules.html
https://arxiv.org/abs/1104.3530


• Solution 1A:
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1st exercise: Solution

Code: CLUMPY website:
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Total Coma DM halo properties after 1104.3530: 

Redshift z = 0.0234  (= distance 103 Mpc) 
RΔ = 2.3 Mpc with Δ = 200 times the critical 
density of the Universe 

NFW profile with 
• rs = 609 kpc 
• ρ(rs) = 1.61 ✕ 105 Msun/kpc3

1st exercise: Solution

• Solution 1B:
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1st exercise: Solution

• Solution 1C:

> $CLUMPY/bin/clumpy -h2 -D

Creates a suitable default parameter file clumpy_params_h2.txt

Inside the file, watch out for the line

Search for that default file in the CLUMPY directory & modify it (or use as template for new file):

Sky coordinates matter for next exercise
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1st exercise: Solution

• Solution 1D:

> $CLUMPY/bin/clumpy -h2 -i clumpy_params_h2.txt

To switch off substructures, modify in the parameter file clumpy_params_h2.txt:

Alternatively, same result by setting

Now run:

Which creates 
the output plot 
(If ROOT is 
linked):

The total J-factor is 
Jno-subs =  
1.75 ✕ 1017 GeV2 cm-5

N.B.: the angular extension of 
Coma is 1.2°
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1st exercise: Solution

• Solution 1E:

To switch on one level of substructures, modify in the parameter file clumpy_params_h2.txt:

And put e.g. 20% of cluster mass contained in substructures:

For this configuration, 
the total J-factor is 
Jtot =  
1.32 ✕ 1018 GeV2 cm-5 

(boosted by almost factor 8 

compared to no substructures)
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1st exercise: Solution

• Solution 2:

We use the -z module to compute the spectrum and create first a default parameter file:

> $CLUMPY/bin/clumpy -z -D

To answer the question, we need to modify then in the parameter file 

Choose an appropriate energy range to plot:

And add an absorption profile (because redshift is not negligible):
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1st exercise: Solution

• Solution 2:

And we obtain the ROOT figures:

> $CLUMPY/bin/clumpy -z -i clumpy_params_z.txt



2nd exercise (30 minutes):         ROOT is needed to be linked with Clumpy for this exercise

1. Create a 2D template of Coma with resolved substructures: 

A. Figure out which CLUMPY module is suited for that. Again, check http://
clumpy.gitlab.io/CLUMPY/doc_modules.html. Create the default parameter file 
and adjust the parameters to load Coma, and such that the full cluster is in the 
field of view. 

B. Play with the gSIM_USER_RSE Relative-error threshold of resolved 
substructures, and again with the substructure properties gCLUSTER_SUBS_X 
to see in what variations they result. 

C. Investigate the fits output file with the CLUMPY -o module (http://
clumpy.gitlab.io/CLUMPY/doc_module_o.html), Fitsviewer (fv), ds9 or Aladin.  

2. Load the fits output into python with healpy and display the different components 
using healpy’s plotting functions. Use the Jupyter notebook on http://
clumpy.gitlab.io/CLUMPY/quick_start.html  to start. 

3. Bonus: Calculate a full sky map of the Galactic DM halo and also include in it the 
Coma cluster using the -g6 module (need CLUMPY 3.1 released last Thursday)
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Create a 2D template map of Coma, overlay it with the Galactic halo J-factor skymap, and display all in Python  

http://clumpy.gitlab.io/CLUMPY/doc_modules.html
http://clumpy.gitlab.io/CLUMPY/doc_modules.html
http://clumpy.gitlab.io/CLUMPY/doc_module_o.html
http://clumpy.gitlab.io/CLUMPY/doc_module_o.html
http://clumpy.gitlab.io/CLUMPY/quick_start.html
http://clumpy.gitlab.io/CLUMPY/quick_start.html


• Solution 1A:
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2nd exercise: Solution

Code: CLUMPY website:



• Solution 1A:
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2nd exercise: Solution

> $CLUMPY/bin/clumpy -h5 -D

Then modify the parameter file clumpy_params_h5.txt: 

> $CLUMPY/bin/clumpy -h5 -i clumpy_params_h5.txt

RE=10: 250 clumps resolved



• Solution 1B:
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2nd exercise: Solution

Modifying:

gives:

RE=100%: no clumps resolved RE=50%: 3 clumps resolved RE=25%: 28 clumps resolved RE=5%: 1282 clumps resolved



• Solution 1B:
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2nd exercise: Solution

Modifying substructure parameters gives:

Default parameter file

kMOLINE17_200 c(M,r)

No substructure 1% substructure 35% substructure

Substructure traces the host αM=2 2 levels of substructure



• Solution 1C:
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2nd exercise: Solution

See what is in the FITS file output/annihil_Coma_ACO16562D_FOVdiameter3.0deg_nside1024.fits:

> $CLUMPY/bin/clumpy -o2 -i output/annihil_Coma_ACO16562D_FOVdiameter3.0deg_nside1024.fits

Or just simply look at the file using fitsviewer (fv):



• Solution 2:
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2nd exercise: Solution

See the Jupyter notebook for details:



• Solution 2 bonus:
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2nd exercise: Solution

With fourfold resolution (Nside = 4096):



• Solution 3:
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2nd exercise: Solution

Using CLUMPY’s -g6 module: 



Close-out

• Any general questions? 

• If you face(d) problems installing or using CLUMPY, feel free (please!) to write to 
clumpy@lpsc.in2p3.fr 

• In the course of this school: CLUMPY v3.1 is out! 

• Tidal stripping model according to Stref et al. (2017) for Galactic subhalos 

• Implementation of distant-dependent mass-concentration models c(M,r) 

• Arbitrary numeric (node) density profiles of halos as input possible
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Thanks a lot for participating!

mailto:clumpy@lpsc.in2p3.fr

