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e core/ cusp problem

log halo density

ACDM at small scales

obs.

CDM

log radius
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* substructure problem
(missing satellites)

CDM

ACDM at small scales

CDM
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Klypin et al. 2015
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ACDM at small scales

* too-big-to-fail problem

missing satellites . CDM
problem I
¢ too big to fail
LG obs. problem

log # of halos

log halo mass



Cosmic Web: Small Scale Structure (SSS) - problems

e core/ cusp problem

* substructure problem
(missing satellites)

® too-big-to-fail problem

CDM obs.
CDM
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WIMP miracle

Traditional Cold Dark Matter paradigm

WIMP miracle o
-- mass ~ hundreds GeV - few TeV o 1 - ( &n j
-- weak cross-section ~ 10-37 cm? <O'V> m,

seems to fail

ot, at least, many scenarios ruled out

-- direct detection experiments push cross-section
by orders of magnitude to < 10-44-45 cm?



Possible solutions

* Baryonic physics
- NS, BH feedback
- outflows
- star formation
- CR, turbulence

* Dark Matter physics



Possible solutions

* Baryonic physics
- NS, BH feedback
- outflows
- star formation
- CR, turbulence

inconclusive
(or need too strong feedback)

* Dark Matter physics * large o in dark sector
* multi-flavor *

* naturally, /V-component flavor-mixed DM (named @ /z Pontecorvo model of neutrinos)



2-component mixed particle

B. Pontecorvo (1957)
Interactions do not care about

propagation (mass) eigenstates;

Propagation does not care about
interaction (flavor) eigenstates.

P mass eigenstates
0.025 -
flavor eigenstates
0.020 -

[ (flavor ) [ cost) —sinf !maSShea,vy>
0.015+ flavors) sinf cos@ |massjignt)
0010
0.005 | "“

J: P— — b”' '..’ ........ —

X
—-20 100 120



Ilustrative model

Schrodinger equation

o @?((j;) ) - K _&ixo/ o —aix/zgu _ Am) " (mhg(x) ng(x) ) i ngl: %@ ) ] Cnn}zl((jf)))

Hfree ngav V

O-Ok ffffffffffffffffffffff

v P(X) f

04" - Vi Vi =U Vi 0 (]Jr
T ] Vin Vi 0 0

—0.6; ]

s

10 Vilx)

151 - ll()J o (|)51 - LO.OJ - >0|51 o LlAOJ o >15

(MM, J Phys A 2010)



0.6

No flavor mixing case
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With flavor mixing

ve6e———r—————

| red — heavy state
0.5} blue - light state -
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(Quantum evaporation - the “Miinchhausen effect”

Particle gradual escape from a gravitational
potential (in "elastic" collisions) without
changing particle's identity

00 -

Tew N\ 1//
Zi & /

-0.8

-10

\\\\\

| I T B I [ R T 1 |
-15 -1.0 -0.5 0.(* 0.5 1.0 1.5

scatterer

MM, ] Phys A 2010; JCAP 2014 scatterer



“Miinchhausen 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




Flavor-mixed /VeDM model (2¢DM)

/ N-component flavor-mixed DM with N=2 (2cDM) - simplest/

Postulates

(i) Dark Matter — stable N-component mixed particles

Neutralinos
Sterile neutrinos g,
Axion+photon 2 N

(ii) DM halos — self-gravitating ensembles of mass eigenstates /1), 1[)

(iii) Quantum evaporation of DM mass eigenstates

hy + 1D = 1D+ 1D




2¢DM kinematics

example: |l = 1D = 1D = D

brtpi=0=p-+0p

(M + ) + (e + A = 2t + 57

-

b <
*‘\0 Am/m < 1

Av=1v —v ~ [(Am/m)c’ —I—v2]1/2 — v

- Wi v << v,
& %v,%/v, if v > wvg,

"kick” velocity: vk = c (Am/m;)1/2

MM, ] Phys A 2010; JCAP 2014



2¢DM kinematics

example: Il 10— 1D+ b

"kick” velocity: vi = c (Am/m;)1/2

if Ukick > Uescape. dwarf halos destroyed

MV, ] Phys A 2010; JCAP 2014



Do halos evaporate completely?

abundance evolution eqns. nnp = —(oppv) n,% — (opv) npng,

n = —(opv) npny,

hen %0 Jrpllp
dn;  ommny

solution  Palt) _ (muo/mao ()Y | (4 _ mao/muo (mult) :
?’Lh,o 1—-—R nl,() 1—R nl,()

asymptotically np(o0) = 0, ny(00) = 100

2fesl,

= 0pr G

complete evaporation is possible when

MM, ] Phys A 2010; JCAP 2014



N-body simulations

GADGET, 50 Mpc/h box, standard ACDM cosmology

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

PSiti—thtf — (ptz/mtz> O-Siti—>8ftf Vtz' - VszlAt @(ESftf>

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



No change on large scales




No change on large scales




No change on large scales




l.ess substructure on small scales

(MM, PRL 2014)



l.ess substructure on small scales

(MM, PRL 2014)



Velocity function

0.=0.75 cm2/ g

vi=b0 km/s
105

10|

1000 |

N( > Vc ,max )

100 -

10 |

\\ l \ ‘ \
S B o R R |
1L %o 15 20 90 50 l70 | | ‘
20 50 100 200 500 1000
Ve max [km/s]

(MM, PRL 2014)



Density profiles

I [ I I
o7 : 10"~ 2¢DM o !
T -1 105 1
100 E 10° 3 \ 104 - =
[ 1000
2 Q I | | | | .
=z g 10 20 50 100 200 500 |
o o
= 10t- . S 10t i
Q QU [
1000 - . 1000 - -
100 - 100 =
| | | | | 25i ] E . [ | . . [
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R [kpc/h] 0 com | RI[kpc/hl
, 15F ]
10

(MM, PRL 2014) iy B



Key: cross-sections

@)
. ™ l 2
Closoecctions I(siti)—=(sits) = 72 Z<2Z +1|1 - S((Sz;ti)(siti) !
Vel =0
TS 0 :
O-(Siti)—>(8ftf) o k_zz l2:<2l o 1) S(Siti)(Sftf) ’
=0
PaliETBELE oo(v/vg)?e for scattering,
O-Z_)f(v) — Qc -
oo(ps/pi)(v/vo)*e for conversion|  patural: a=—a.
examples: [(as=ac=0 "hard spheres"” (s-wave scattering)
A —ac==l annihilation-like
s = ac=-2 maximum conversion probability

as = -4 Rutherford-like



mass-loss per radius

integrate to yield the total halo mass-loss  py — 3 — f oovo

Substructure evaporation

assume profile hydrostatic balance yields
P B
p(r) = po (—) oo G0
1 - e
dM_ Dot D% 7P Azl—%ﬁ%—a(l—%)
e dr=p = 47r’ po <E)

G 47 po 1] Te
v 3 (3—5) (E

A+3 m

p=—(nov)p=—p° (_) ozl (%)_25 = (i

))\—|-3 M1+%(a+1)

just a constant approximately constant

2-p



Substructure evaporation

assume profile hydrostatic balance yields
e 3
= ArGpoR” o_
p(r) = po (—) 2 e L T00SE o
- ey
i dim L
mass-loss per radius o A7rrep = 4wr” po (E)

o= ~to =7 (S o= (5) 72 (%) s

integrate to yield the total halo mass-loss  py — 3 — B govo

(; 47‘(‘00 / r A+3 142
( C ) ?‘ 1 3 (Cl )

voB \3—0 R

just a constant approximately constant

M = —|A|M*®

indep. of halo shape (beta)

solution

1/(1-¢)
My = |(1—€)At+ M€

initial halo mass final halo mass



Substructure evaporation

mapping of old to new ( (M—2/3 = %At) - =0
My =<{ Me?t a=—1
3/2
| (M4 24t),  a=-2

New mass function given the old one f(Mo) is f(Mo) = f(Mo(M,1)) = f(M,1)

and similarly for the velocity function Velocity function

1000 - analytical result for

Oconv ~ V@

100 -

— a=-

N(<V)

— Q=—
— CDM

Evaporation resolves 10

substructure & TBTF problems

Shape of mass function tells:
index ac (conversion)
and oo/ m

0.1 0.2 0.5 1



oo/ m

ds

2¢cDM o(v)-simulations

+ across halo mass scales: dwarfs -- clusters

(0,0) (0,-1) (0,-2) 107 1015

(-1,0) (-1,-1) (-1,-2)
(-2,0) (-2,-1) (-2,-2) 0 & 0.001
(404D (42) o o

over 120 different simulations

10



2cDM-0(v) —

(v/vg)*s for

AUE o(v/vg)* for

o =(0.01,0.1)1:and 10,

consistent with

observations

(as/ ac) \

scattering
conversion

(Todoroki & MM, in prep.)
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Message 1

SUBSTRUCTURE

CDM
SIDM
2cDMEY

=
o
w

V. =10 km/s (2¢cDM)
V. =20 km/s (2¢cDM)
V., =100 km/s (2¢DM)

(-
o
N

Klypin et al. 1999
Simon & Geha 2007

[
Ob—‘

"
"‘l

Number of halos with < V___

| 1I0 | SIO | 5I0 T .100
V. [kms ']
Wide parameter region allowed:

o(v) ~ 1...0.1...0.01 — consistent with all constraints
Am/m ~ 108 < vi~50-100 km/s

2cDM: Resolves substructure & TBTF

problems.
Position of break tells:

Am/m < vi

Shape of mass function tells:

1000 -

100

N(<V)

10

index ac (conversion) and op/m

Velocity function

analytical

0.1

0.2 0.5 1



Cusp softening

heat
vtl’l A <-------

1S0:

number of interactions per particle

at+1 cH—l—é a+3
o 0o Vvir Tc 2 ( ) >
Nint = novty = pvir_tHUO

m Vo Rvir r
e (3 _B)Mvir

VIr 47‘(’R§/1r
VVQir = GMViI‘/RViI‘

o core radius
Nvir = pvirEVvirtH

Scattering resolves core-cusp problem
Core size tells: £ =

oo/ m and index as (scattering)



2cDM-0o(v) - Profiles (MW-like)

o =/0.01,0.1,1:and 10,

(as, ac) \

for scattering

for conversion
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(Todoroki & MM, in prep.)
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2cDM-0o(v) - Profiles (Dwarfs)

{ U(,U/vo)as 1.

O'(fl}/vo)ac 2. _—

Y
o -1.0f
|

-15F &

S
1 = 20} i
g —(0.01:0:1)1: © CE N
= 25}
consistent with < —3.0?
: 2 35}
observations Q

45h

~1.0 o,
(as, ac) -1.5¢
2.0
25}
3.0}
35}
40}
45t

\

1
(Todoroki & MM, in prep.)
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2cDM-0o(v) - Core relations (obs vs sim)

Red symbols - simulations
Gray crosses - MW sSph
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2cDM-0o(v) — Profiles (Clusters)

Density [M, pc ]

107

(Todoroki & MM, in prep.)
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PROFILES

p[M, pc?]

10°

107 |

107 ¢

Message 2

=]
-------
-~
=)

m——  CDM

-  SIDM

__ 2cDMY

- . V,=10 km/s (2cDM)
-~ V.,=20km/s (2cDM)
V., =100 km/s (2¢cDM) 1

r [kpc]

Wide parameter region allowed:
o(v) ~ 1...0.1...0.01 — consistent with all constraints
Am/m ~ 108 < v ~50-100 km/s

2cDM: Resolves core-cusp problem.
Core size tells:

0o/ m and index as (scattering)

core sizes from fits to simulated halos

B

log gp/m _4 »




Radial distribution of satellites (CDM)

W

A MW satellites
100 |
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10 [
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2cDM-0(v) — dwarf distribution

oo

consistent with

observations

(aS/ aC) e

(Todoroki & MM, in prep.)



Message 3

DISTRIBUTION of _ | | S
SATE LLITE S _ _“‘\‘»_nv\“ \l. \ "| “" ‘ ‘\ """"""""""
100 | el

2cDM: Resolves
substructure radial
distribution.

Shape of function depends
on all parameters

N(<R)

10 [

—— SIDM
. 2cDME
V=100 km/s (2¢DM)
== V=20 km/s (2cDM)
e V=10 km/s (2¢cDM)

00 200

Wide parameter region allowed:
o(v) ~ 1...0.1...0.01 — consistent with all constraints
Am/m ~ 108 < vy ~50-100 km/s



2¢DM model summary

Some 2cDM models*
simultaneously resolve:

e Substructure Problem

o TBTF problem

e Core/cusp problem
across halo mass scales
from dwarfs to clusters

e Radial distribution of
dwarfs (problem?)

o(v) ~1(?)...0.1...0.01
(as, ac) = (0,0), (-2,-2) -- natural
Am/m ~ 108 < vi~50-100km/s

MW Dwarf GC Theoretical
Model og/m Density profile VF  RHDF Density Profile, Density Profile 8-rs c-M relation, preference
(—2,—2) 0.001 NO YES YES NO = = = YES
0.01 Baryon Baryon YES YES YES YES YES YES
0.1 YES YES YES NO = = - YES
1 YES YES YES NO = = - YES
10 NO YES YES NO = - = YES
(=15~2) 0.001 = - NOQZZ% 2 YES PRS2 Qe e St = s B e
0.01 Baryon YES YES NO — — =
0.1 YES YES YES NO = = =
1 YES YES YES NO = = =
10 NO YES YES NO — = =
(O gm0 Nferenice YBSE L ES s NIQ)BE A sl eat oA o e s i S e DA
0.01 Baryon YES YES NO = = =
0.1 YES YES YES NO = = =
1 YES YES YES NO = = =
10 NO YES YES NO = = =
oG NOZEE S YESe sVESslEcse O R PP e A R el sl
0.01 Baryon Baryon YES YES = = =
0.1 YES YES YES NO = = =
1 YES YES YES NO = = =
10 NO YES YES NO - = =
(2] GO0 o N e VESEASUESHEa N e e SR P S % MBS
0.01 Baryon Baryon YES YES YES YES YES YES
0.1 YES YES YES NO = = = YES
1 YES YES YES NO = = = YES
10 NO YES YES NO = = = YES
A WAl 1L NO Gt NESE Y ES ] ez NOZ el o i et i A e N e
0.01 Baryon Baryon YES YES = = =
0.1 YES YES YES NO = = =
1 YES YES YES NO = = =
10 NO YES YES NO = = =
(=20 S0 Ulran N@27S5 NEY 2 B G NI@F oS ot o L e e L e
0.01 Baryon NO NO YES YES YES YES
0.1 YES Baryon YES YES ? YES YES
1 YES YES NO NO = = =
10 NO NO YES NO = = =
(O OOt Nt N@Z= Y ESE = NOZ 5 2 Pttt S 5 A S MES e
0.01 Baryon NO NO YES YES YES YES
0.1 YES Baryon YES YES 7 YES YES
1 YES YES NO NO = = =
10 YES NO YES NO = = =
R e s NI NGO SRSl NOF el o et os e s 7 St o MBS ot
0.01 YES NO NO YES YES YES YES YES
0.1 YES Baryon YES YES ? YES YES YES
1 YES YES NO NO = = = YES
10 NO NO YES NO = = = YES
SSUDME0 a0 SADSPEE S @SB o e e e gt ol
0.01 YES NO = = = = =
0.1 YES NO = = = = =
1 YES NO = = = = =
10 - = = = = =
SCDM o NO 2 e NOZ - =N@=f== NOSEZ e 2ot YES s R A s i




Typical constraints

"Bullet cluster"” o/m<1cm?2/g 2cDM cross-sections o/m ~ 1...0.1, even...0.01

Stability to decay "mass-eigenstates must decay to leave the lightest only"

Am/m ~ 10-8 -- enough room to avoid: no
secondaries to decay into (cf 100keV /1TeV)

(MM, JCAP 2014)



Typical constraints

"Bullet cluster"” o/m<1cm?2/g 2cDM cross-sections o/m ~ 1...0.1, even...0.01

Stability to decay "mass-eigenstates must decay to leave the lightest only"

Am/m ~ 10-8 -- enough room to avoid: no
secondaries to decay into (cf 100keV /1TeV)

Early universe "catastrophe”

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

= abundance of heavy states must be exponentially suppressed excited,
inelastic,
exothermal DM,...

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

(MM, JCAP 2014)



Typical constraints

if wave packets overlap, particles interact coherently (as flavor states) - no conversions

. —1/4 : 2
- Bt (x—xzo —vit)° @ M5
time-dependent . < : = J “ | mvjz — —22
Ee el ¥ia:P) l% (AO + QmjAO) ] A [ AT+ Zikefm; R\ gt
packet of a mass eigenstate
o2
wave packet width ~ A%(¢) = AF + < ) i
2mj 0 .
packet spreads as fast as it propagates
interaction amplitude ~ overlap of two mass states
00 2 3
A A
0= [ AEaedds I x1- (5m) evo(n)
5 m m
L2 T ol .
g £ D 0 p Y 0(1)

S or . o

Catastrophe isn't a problem for 2cDM: conversions donot occur before structure formation starts

(needed to separate mass states)

O-(f:?nv o (Am/m)40'conv

after structure formation
before structure formation \/

(MM, JCAP 2014)



some fine tuning of o to Hubble time

Caveats

large 0 ~1 cm2/g ~ 1 barn/GeV

high degeneracy Am/m ~ 10-8

0.00l<o/m<1cm?/g

too few collisions too many collisions
- uninteresting - collapse

not very natural in particle physics

not very natural in particle physics -
possibly needs light mediator

small mass splitting:

Y. Zhang, Phys. Dark Univ. 15 (2017)

K. Schutz, T.R. Slatyer, JCAP 01 (2015) 021
J. Kopp et al. JHEP 12 (2016) 033

M. Baumgart et al. JHEP 0904:014,2009



2¢DM predictions

direct detection

dies Q *°177 + Amcz
inelastic recoil

e

indirect detection
V-rays

-l
”Y-rﬁ i a;? I.lil;if,tion .\ 0. ..y
1ne tripie e
p / ® e .A

h, I

B =i s O Amce

example, 100 GeV =+ ~ keV
(MM, PRL 2014)



Conclusions

flavor-mixed DM - just works

resolves small-scale problems simultaneously across many scales
cosmologically interesting (v ~ 100 km/s)

o(v)/m~ 1...0.1...0.01 — consistent with all obs. constraints

Am/m ~ 10-8 — can be naturally stable

passes the "early universe catastrophe” challenge

S S S S 3

makes predictions for DM detection experiments: inelastic recoil, gamma triplet

further study —'"realistic" simulations with star formation, baryons, feedback,...
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