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— small-scale problems in CDM

Quantum physics

— quantum evaporation

Cosmology again

— 2-component dark matter (2cDM)



Triumph on large scales

ACDM reproduces
Large-Scale Structure
of the universe

Millenium simulation SDSS survey



ACDM on large scales - halo counts

Millennium Run
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logZi[hM_, /Mpc?]

ACDM on large scales - density profiles
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...but too much small-scale stuft

Millenium simulation




ACDM problems — small scales
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ACDM problems — small scales

* substructure problem
(missing satellites)




ACDM problems — small scales

* substructure problem
(missing satellites)

* too-big-to-fail problem

cxtans

Ursa Minor

None of these
most massive
are observed

L Sculptor

é Fornax

from Weinberg et al 2013
by Garrison-Kimmel, Boylan-Kolchin & Bullock Yniguez et al. 2013



ACDM problems — small scales

* substructure problem
(missing satellites)

* t00-big-to-fail problem

100

I Local N :
i Group l NN | T
b dwarfs JK ‘\ y

|
10 20 30 40 50 60 70
Viire (km/s)



ACDM problems — small scales

* substructure problem
(missing satellites)

* t00-big-to-fail problem

* core/cusp problem
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ACDM problems — small scales
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Possible solutions

* Baryonic physics
- NS feedback

- outflows
- modified star formation

* Dark Matter physics

L2



Possible solutions

* Baryonic physics
- NS feedback

- outflows
- modified star formation

* Dark Matter physics

Inconclusive

L2



Dark Matter




"Just" a parameter

Dark Matter




Dark Matter m "Just" a parameter

WDM - cannot solve satellites
and cusp problem simultaneous(y:
different scales



Dark Matter m "Just" a parameter

WDM - cannot solve satellites

T and cusp problem simultaneous(y:
different scales
Y SIDM - solves cusp problem ouly;

cannot affect satellite counts



Dark Matter




Dark Matter




0.025

0.020
0.015
0.010

0.005

2-component particle

mass eigenstates

flavor eigenstates

[;}\/%0 TTo nwiesc opbiom

B. Pontekorvo
L slearExp Eiz (1957)r Soviet JETR(958)

N
)

—-20

20 40 60 80 100 120

flavory ) ([ cos) —sind |masspeavy)
flavors) /)  \ sinf cosé MAasS|ight
g

Flavor is a quantum property that allows a particle to have
several masses altogether, at the same time and vice versa
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Ilustrative model

Schrodinger equation
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No flavor mixing case
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With flavor mixing

o60brmvrH0----—--——e_- ——— — - -W -—— — -

red — heavy state

05} blue — light state -

0.4+

03}

0.1} }l \
0.0 L : ;

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

L 1 1 1 . 1
—1. 5 — 1 O —O S5 0O ‘ oS 1.0 1.5

scatterer

L



With flavor mixing
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A trapped particle + scattering + flavor mixing
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A trapped particle + scattering + flavor mixing

The particle can leak out of (or “evaporate” from) the
gravitational potential, i.e., it can become unbound
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“Minchhausen etfect”

Baron von Miinchhausen lifted himself
(and his horse) out of the mud by pulling
on his own pigtail.

It is one of the “true” stories from

“The Surprising Adventures of Baron
Munchhausen” by R.E. Raspe
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2-component flavor-mixed DM (2¢cDM)

Dark Matter — stable 2-component mixed particle

Neutralinos
Sterile neutrinos
Axion+photon

DM halos — self-gravitating ensembles of mass el
eigenstates

Mass-conversions and quantum evaporation

ol Al
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DM halos

Energy conservation:

2 Yo(my v12) = (my - my) c?

VU ~ Ukick = ¢ (Am/m;) 12

if Viick > Vescape

dwarf halos destroyed

if Viick < Vescape

central cusps softened

24



T'echnical: Interaction of 2-comp particles
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Complete evaporation of 2-comp. particles
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Implementation

Gadget, 50 Mpc/h box, standard ACDM cosmology

At each step:

4

4

4

4

<+

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: o(v)/m [with ox(v/vi)1] and Am/m [or vi=c(2Am /m)/2]

PSiti—)Sftf — (ptz/mth) O-Siti—>8ftf Vtz' - VszlAt @(ESftf>

O-Sitq;—>8ftf — O-Si(v) =0 (U/UO)_CL
a =1

2



No change on large scales
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No change on large scales

both CDM-& 2¢DM.
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No change on large scales

both CDM-& 2¢DM.
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l.ess substructure on small scales

(MM, PRL 2014)
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l.ess substructure on small scales

(MM, PRL 2014)



(MM, PRL 2014)
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N(>M)
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Density profiles
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(MM, PRL 2014)
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2¢DM predictions

direct detection

h
: . . + Amc?
“inelastic recoil”
[
¥ — Amc?
indirect detection
e V-rays
“v-ray annihilation \ o vy
line triplet” / R IS e e e e
h, 1 ‘A

100 GeV + ~ keV

(MM, PRL 2014)
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2¢DM vs SIDM

0(v) — determines cores
-- nothing can reduce substructure

Oconv(Vv) — determines slope
Oscatt(Vv) — determines core

Am/m (or vik) — determines break

-- gravi-thermal collapse
- stronger cusps r? unless fine tune o(v) - Ho

How robust 1s the model?

35



How robust is the 2¢cDM model?
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Just one example

Number of halos with < V.
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How robust is the 2¢cDM model?
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(Todoroki & MM, in prep.)
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2¢DM vs others

2¢DM looks like any multi-species/composite DM -- allows "reactions" Y—X

excited, inelastic, exothermal DM,...

early universe "catastrophe”

high-z | low-z | z=0 (now)
| | g
freeze-out: X-Y decoupling: Y abundance suppressed
small 0, large Gsi ~ exp(AE/T)

Not a problem for 2cDM: conversions do not occur before
structure formation starts (needed to separate mass states)

O-(f:?;cnv o/ (Am/m)40conv

after structure formation
before structure formation

(MM, JCAP 2014) 40



“quantum evaporation” — a new effect (MVM 2010)

Conclusions

2cDM:
+ can solve all small-scale problems simultaneously
+ 0(v) ~0.1...0.01 — consistent with all constraints
+ Am/m~108 < vik~50-100 km/s
2cDM predicts
+ break in mass function: suppression at Myi <101° Mo
+ inelastic recoils with AE~ Amc? in direct detection DM M
+ vy-ray annihilation line triplet with AE, =% Amc?, ‘h_> -
(if m, ~ 100 GeV, then AE, ~ Am ~ keV) \l\
+

direct detection DM recoil may depend on target species

41
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