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•Flavor is a quantum number 
relevant for particle interactions

•Mass is a property which 
determines particle propagation

Flavor

iħ ∂t Ψ= (H+V)Ψ

propagation interaction
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Ψ = c1ψ1 + c2ψ2 + c3ψ3 + ...

Basis; for example, 
eigenfunctions of a 
Hamiltonian

Superposition

Any wave function satisfying the Schrödinger equation 

can be written as a superposition of a full set of basis functions
iħ ∂t Ψ= (H+V)Ψ
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Ψa = cos θ ψ1 - sin θ ψ2 

m1 m2flavor “a” m1

m2

flavor “b”

flavor “a”

θ

Flavor mixing

Interactions do not care about propagation (mass) eigenstates;
Propagation does not care about interaction (flavor) eigenstates.   
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ϕ(x)

V1(x)

Schrödinger equation

Hfree Hgrav V

Illustrative model
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scatterer

No flavor mixing case
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red – heavy state
blue – light state

scatterer

With flavor mixing
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Space-Time diagram
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Dark Matter -- stable 2-component mixed particle

∣h⟩ , ∣l⟩ 
DM halos -- self-gravitating ensembles of 

mass eigenstates  

∣h⟩ + ∣l⟩ ➞ ∣l⟩ + ∣l⟩

2-component dark matter
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...

Mass-conversions and quantum evaporation
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l

hl

l

½(ml v2) = (mh - ml )c2

v  ~  vkick =c (2Δm / ml )1/2  

if vkick << vescape

central cusps 
softened

if vkick >> vescape

dwarf halos destroyed

Energy conservation:

DM halos
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•Gadget; 50 Mpc/h box; 3.5 kpc/h, 8×107 M⊙ resolution; standard ΛCDM cosmol. 
•At each step:
‣Pairs of nearest neighbors are identified
‣Densities of each species are found at each particle location
‣Conversion probabilities are calculated
‣Monte-Carlo module is used for conversions
‣Energy-momentum is manifestly conserved in every interaction

• 2 free parameters: σ(v)/m [with σ∝(v/vk)-1] and Δm/m [or vk=c(2Δm/m)1/2]for weakly collisional systems. For each randomly chosen projectile particle a nearest neighbor

is found first. Then, for this input channel, the respective probabilities of each output channel

are computed as

P
siti!sf tf

= (⇢
ti/mti) �

siti!sf tf
|v

ti � v

si|, (3)

where v

ti � v

si is the relative velocity of particles in the pair and ⇢
ti is the density of target

species. The densities ⇢
ti of each species at each particle’s position are computed using the

appropriately modified density routine used in the SPH module of the original code. Whether

an interaction occurs and through which channel it proceeds is determined randomly using the

computed probabilities. If an interaction occurs, the final velocities of particles are random and

satisfy the energy-momentum conservation, otherwise particles’ velocities remain intact. At

last, the pair is marked inactive until the next time-step. Assuming strong degeneracy of masses,

�m ⌧ m
h

, m
l

, we further simplify the model by setting m
h

= m
l

= m. We thus reduced

the number of model parameters from six {m
h

, m
l

, ✓, V
↵↵

, V
↵�

, V
��

} to just two independent

parameters, namely �̃ = �/m and v
k

= c(2�m/m)

1/2.

Our simulations were performed using XSEDE high performance computing systems Tres-

tles, Lonestar and Kraken. In the 2cDM runs we used up to 2⇥ 400

3

= 128 million SPH-dark-

matter particles (initially the numbers of h and l particles are equal) in the box of 50h�1 Mpc

(comoving) with the force resolution scale of 3.5h�1 kpc (the largest ⇤CDM reference run has

2 ⇥ 640

3 ⇡ 524 million particles and the force resolution of 2.2h�1 kpc). Our box size was

optimized so that it is large enough to be a representative sample the universe volume, yet it

provides reasonable resolution at small scales. Our dark-matter-only simulations use the stan-

dard cosmology parameters ⌦

m

= 0.3, ⌦
⇤

= 0.7, ⌦
b

= 0 and the Hubble parameter h = 0.7.

Initial conditions are generated using N-GenIC code2 with the Eisenstein-Hu spectrum model,

�
8

= 0.9 and the initial redshift z = 50. Post-processing was done with AHF code (24), which
2Available at http://www.mpa-garching.mpg.de/gadget/
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where A
(siti)(sf tf )

=

⌦
m

sf
m

tf

�� V
(sf tf )(siti) |m

simtii with s
i

and s
f

being the initial and final

states of the projectile (i.e., species) particle, t
i

and t
f

being those of the target particle, p
si and

p
sf

are the momenta of the projectile before and after the interaction, and V
ij

are elements of the

interaction potential matrix in the mass basis. Note that this form of � manifestly satisfies the

principle of detailed balance (22), �
i!f

p2

i

= �
f!i

p2

f

, for the integral cross-sections of forward

and reverse processes, and that � / 1/v. Hence, our parameterization of the cross-sections is:

�
siti!sf tf

= �
p

sf

p
si

⇥(E
sf tf

) B
(siti)(sf tf )

, (2)

where � is a free parameter and ⇥(E
sf tf

) is the Heaviside function which ensures that the

process is kinematically allowed (i.e., negative final kinetic energy, E
sf tf

< 0, means the pro-

cess cannot occur). The B-matrix with the elements B
kl

in the above equation simply sets

the types of interactions that can occur. It can be directly obtained by proper normalization of

V -matrix, Eq. (8), in the Supplementary Materials. For example, B
12

⌘ B
(hh)(hl)

= 1 hence

h
1

+ h
2

! h
1

+ l
2

is possible. In order to maximize the effect of conversions we choose the

maximal mixing angle ✓ = ⇡/4 and the flavor-flavor interaction strengths V
↵↵

, V
↵�

, V
��

such

that all elastic scattering matrix elements vanish, hence B
(hh)(hl)

= B
(hh)(lh)

= B
(hl)(hh)

=

B
(hl)(ll)

= B
(lh)(hh)

= B
(lh)(ll)

= B
(ll)(hl)

= B
(ll)(lh)

= 1 and others are zeroes. In h ! l

conversions, the kinetic energy of the system increases by �mc2. Thus, we introduce another

free parameter — the kick velocity: v
k

= c(2�m/m
l

)

1/2.

The outlined physics was implemented in the cosmological TreePM/SPH publicly avail-

able code (23) Gadget-2. We simulate two types of dark matter particles representing h and

l mass eigenstates; the total numbers of each type can change due to particle conversions. In

order to implement dark matter particle interactions, they are treated in the code as smooth-

particle-hydro (SPH) particles but without hydro-force acceleration. Instead, we use the Monte-

Carlo technique together with the ‘binary collision approximation’ (18, 19), which is reliable

8

treat them separately for the sake of generality). In each of these interactions, there are four

different outcomes (output channels): · · · ! hh, · · · ! hl, · · · ! lh, and · · · ! ll. Thus,

the V -matrix ‘sandwiched’ between initial and final states gives all 16 transition amplitudes,

A
kl

=

l

hmm| V |mmi
k

, where k, l take the values 1, 2, 3, 4 ⌘ (hh), (hl), (lh), (ll), for example

A
12

= A
(hh)(hl)

= hhl| V |hhi and corresponds to hh ! hl. These amplitudes are used to

compute interaction cross-sections as is described in the main text of this paper.

There are two types of processes, (i) elastic scatterings in which the composition does not

change (e.g., hh ! hh, hl ! lh, etc.) and (ii) mass eigenstate conversions in which the

composition changes (e.g., hh ! hl, ll ! lh, etc.) The total energy and momentum must be

conserved in both types of processes. The energy-momentum conservation in elastic scattering

is trivial, so we skip it. Conversions are different. Transitions in which a heavy eigenstate is

converted to a light one go with the increase of kinetic energy and thus have no threshold. The

opposite ones, where l is converted into h have a threshold �mc2

= (m
h

�m
l

)c2 and can only

occur if kinematically allowed, i.e., the initial kinetic energy of the interacting eigenstates is

greater than the threshold. The cross-sections are derived in the main text and are given by Eq.

(2), where the matrix B is

B ⌘ (B
ij

) =

0

BB@

0 1 1 0

1 0 0 1

1 0 0 1

0 1 1 0

1

CCA . (9)

The flavor interaction strengths, V
↵↵

, V
↵�

= V
�↵

and V
��

, and the mixing angle ✓ determine

probabilities of elastic scattering and conversions of mass eigenstates. Numerical modeling of

self-interacting dark matter put certain constraints on the value of cross-section, see discussion

in the text. Here we are interested in the effect of conversions and not of elastic scattering.

These effects can be separated by an appropriate choice of the above parameters. For example,

the elastic cross-section can be made vanishing identically whereas the conversion cross-section

can be kept large. First, scatterings like lh ! lh and hl ! lh vanish if C = D = 0 in Eq.

27

Implementation
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CDM

No modification on large scales
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CDM2cDM

No modification on large scales
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CDM2cDM

No modification on large scales
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CDM

Less substructure on small scales
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CDM

Less substructure on small scales

2cDM
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Velocity function
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vk=c(2Δm/m)1/2

σ∗=σ/m
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CDM 2cDM
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We fit density profiles with function 
ρ = r α /(1+r β ) and evaluating  α at r =7 kpc/h

Slopes of density profiles
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σ(v) -- determines slopes:
density profile (core/cusp) 
mass/vel function (amount of substructure)

Δm/m (or vk) -- determines break:
mass/vel function (where deviates from CDM)

SIDM -- one species, collisional -- σ(v) 
2cDM -- 2 species, same constraint on σ(v)

Caveat: fine tuning:
“why now?”

2cDM vs SIDM 
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+ Δmc2 

h

l

M

“inelastic recoil”

– Δmc2 
l

h

M

direct detection

Predictions

indirect detection
h, l

h, l

γ-rays
“γ-ray annihilation 
line triplet” Eγ =mc2  ±  ½ Δmc2

   130 GeV  ± ~ keV 

понедельник, 22 июля 13 г.



• “quantum evaporation” is a new effect (MVM 2010)

• 2cDM:
✦ can solve small-scale problems simultaneously
✦ σ(v) consistent with all constraints
✦ Δm/m ~ 10–8  <==> vk ~ 50 km/s 

• 2cDM predicts
✦ if mχ ~ 100 GeV, then Δmχ ~  keV
✦ inelastic recoils with ΔE~ Δmc2 in direct detection DM 
✦ γ-ray annihilation line triplet with ΔEγ = ½ Δmc2 ~ keV 

Summary
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