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Historically first small scale problems
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* core/cusp problem
Evidence against dissipation-

: less dark matter from
100 FIFEE [ €A =F U d & ) 11 .
- ‘ observations of galaxy haloes
= - 3 Ben Moore™
80 — I =
- Cuspy core - Department of Astronomy, University of California, Berkeley,
L e =] California 94720, USA
i ,.--""""-_--,é.—‘@'@-““*——--.._:l THERE are two different types of missing (dark) matter: the unseen
60 — ,/" . g — matter needed to explain the high rotation velocities of atomic
- ¥ & hydrogen in the outer parts of spiral galaxies'?, and the much
i ‘ 5 larger amount of (non-baryonic) matter needed to prevent the uni-
/ B 1 - - 4 *
-/ o verse from expanding forever (producing either a ‘flat” or a
/’ /@ o ‘closed’ Universe)’. Several models have been proposed to provide
40 —, the dark matter required within galaxy haloes for a flat universe,
- ;‘ NGC3109 = of which cold dark matter (CDM) has proved the most successful
& ;E --------------- Isothermal: r=55kpe - at reproducing the observed large-scale structure of the
—J’ / ———— Hernquist: ms=2,5x1010M Univ?rse""ﬁ. CD.M b.elongs to a class. of non-relativistic pa.rti.c]es
20 H- g r=6.1kpc — that interact primarily through gravity, and arec named dissipa-
! * d tionless because they cannot dissipate energy (baryonic particles
4 can lose energy by emitting electromagnetic radiation). Here I
e /@ i show that the modelled small-scale properties of CDM’” are fun-
';-" i | | [ ! 2 damentally incompatible with recent observations™ '~ of dwarf
ot o bl e L L galaxies, which are thought to be completely dominated by dark
¢ 2 4 é 8 10 12 matter on scales larger than a Kiloparsec. Thus, the hypothesis

that dark matter is predominantly cold seems hard to sustain.




Historically first small scale problems

* substructure problem
(missing satellites)
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The formation and evolution of galaxies within merging dark matter
haloes™*
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matter universe. If the zero-point of the Tully-Fisher relation is set by the properties
of our Milky Way system, we find that standard CDM predicts too many haloes and
results in a B-band luminosity density of the Universe that is a factor of 2 too high.
The only apparent solution to this problem is to assume that many haloes remain
observationally undetectable. We also compute the gas mass—luminosity relation for
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simulated galaxy groups similar to the Local Group. The models predict ~ 300 satellites inside a 1.5

Mpc radius, while only ~40 satellites are observed in the Local Group. The observed and predicted

VDF5s cross at ~50 km s, indicafing that the predicted abundance of satellites with V,; . = 50 km s~
is in reasonably good agreement with observations. We conclude, therefore, that unless a large fraction
of the Local Group satellites has been missed in observations, there is a dramatic discrepancy between

observations and hierarchical models, regardless of the model parameters. We discuss several possible
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* too-big-to-fail problem

20 | | 1 | 1 1 90
bright MW dwarf spheroidals @ 80
(95.4% confidence)
70
10 [ ® ]
1 ° o ® ) 60
[ > @ o ®0 .ﬂ'
E‘ - <4 50 z
£ s
— =<,
> - =
: 111" .2
~ ~
4 30
0.7 7
1 1 1 1 1 20
40 50 60 70 80 90
Vinax  [km/s]

Figure 2. Subhaloes from all six Aquarius simulations (circles) and VL-
IT (triangles), colour-coded according to Viyra. The grey-shaded region
shows the 20 confidence interval for possible hosts of the bright MW dwart
spheroidals (see Fig. 1).
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Too big to fail? The puzzling darkness of massive Milky Way subhaloes
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ABSTRACT

We show that dissipationless A cold dark matter simulations predict that the majority of the
most massive subhaloes of the Milky Way are too dense to host any of its bright satellites (Ly >
10° Lo ). These dark subhaloes have peak circular velocities at infall of Vi = 30-70 km s~
and infall masses of (0.2-4) x 10' M. Unless the Milky Way is a statistical anomaly,

this implies that galaxy formation becomes effectively stochastic at these masses. This is in

marked contrast to the well-established monotonic relation between galaxy luminosity and

halo circular velocity (or halo mass) for more massive haloes. We show that at least two (and
typically four) of these massive dark subhaloes are expected to produce a larger dark matter
annihilation flux than Draco. It may be possible to circumvent these conclusions if baryonic

feedback in dwarf satellites or different dark matter physics can reduce the central densities

of massive subhaloes by order unity on a scale of 0.3—1 kpc.

Key words: Galaxy: halo — galaxies: abundances — cosmology: theory — dark matter.

107. Many of the subhaloes lie in the range that is consistent at the
20 level with the dwarfs, but there are a large number of subhaloes
that do not. These subhaloes all have central densities that are too
high to host any of the bright MW dwarf spheroidals; they also have
higher values of both V.« and V.., on average.



Historically first small scale problems

 core/cusp problem

» substructure problem

(missing satellites)

* to0-big-to-fail problem
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core-cusp
missing satellites

too big to fail

satellite planes

galactic bars
profile diversity
SMBH formation

WIMP miracle

Current tensions

need collisions single species SIDM is enough

may be gone diversity -> baryons (?)

multicomponent DM is needed

seems still be present to change the halo abundance

if so: need strong collisions (fluid)
+cooling = naturally multicomponent

?°?7?, perhaps "initial conditions” at high z
need shallow potential cores/heating can do

collapse takes time to occur,

grav collapse can do mergers reset the clock

need collisional + dissipative DM naturally multicomponent

1 £
gone(?) (blame: direct detection exp) Qoc— o [‘g”) (X

(ov)  \mj
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Early DM models

Self-Interacting Dark Matter (SIDM) Spergel & Steinhardt, 1999
elastic scattering in the dark sector

Two-component DM (2cDM) with flavor mixing

MVM, 2000
works simultaneously for Core/Cusp & Missing satellites
"Fuzzy" Dark Matter Hu, et al, 1999
de Broglie wave length ~ 1 kpc core, m~ 1e-22 eV
ETHOS changes the initial power spectrum and late structure formation Vogelsberger, 2015
Annihilating Dark Matter Kamionkowski, et al. 2008

changes late structure formation

Boosted Dark Matter

"l orenz-boosted"

Necib, et al, 2017



Other DM models

Warm Dark Matter changes initial power spectrum

Atomic DM . . . -
many inelastic/multi-component DM models were originally

motivated by desire to reconcile DAMA/Libra data with other
Axion-like particle DM (a la fuzzy DM) Direct Detection experiments (Edelweiss, XENON,...)

Dark massive photon DM : _ _
Inelastic, multicomponent models are

almost equivalent from the point of view

Inelastic DM of simulations (except for fluid DM)
Excited DM

postulate two or more states
Exothermic/Endothermic DM "heavy+light"” or

"excited+ground states”
Two-component DM (but not 2cDM) and inelastic interactions between them

...Mmore...
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A flavor-mixed particle

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

mass eigenstates

0.025 -

flavor eigenstates

6—)&/%0 T(6 Hwsesc opboe

flavor;)\ [ cosf —sind masspeavy)
flavorp)/  \ sinf cosé 'massiight)

50 20 40 60 30 100 120

B. Pontekorvo
Zh. Teor. Exp Fiz (1957); Soviet JETP (1958)



A flavor-mixed particle

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




Schrodinger equation

lllustrative model

S o2, o - Am> i (mh(g(x) e > + (
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MVM, J Phys A 2010



0.6

No flavor mixing case
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0.6

With flavor mixing
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Quantum evaporation

Particle gradual escape from a gravitational potential (in
"elastic” collisions) without changing particle's identity
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MVM, J Phys A 2010; JCAP 2014 scatterer



"“Munchausen effect”

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

It 1s one of the “true” stories from “The Surprising
Adventures of Baron Munchausen” by Rudolph Raspe




Technical: Interaction of 2-comp particles

o (X1, Xa, t) ]Z; ];Ll ?2(3’(17 X%tt)
Wave-functions _ | af | 2| @ibe(xixel) imm) = = [ Mubbax.h)
‘ff> = Ba — 61&2(X17X2’t) Lh l1h2(X17X27t)
B0 B132(x1, X2, 1) U L2 (x1, X2, 1)
o | | / cos’f  —cosh sinf —cosf sinf sin? @
IXINg _ ~ | cosf sinf cos? 0 —sin*g  —cosf sinf
1) = Us [mm) Uy=UoU = cosf sinf —sin® 4 cos? f — cosf sinf
\ sin? 6 cos f sin 6 cosf sin 6 cos? @
Interaction /Vga Vp 8 8 \ A = 2[3Vaa+2Vas +3Vag + 4(Vaa — Vig) c0820 + (Voo — 2Vas + Vig) cos40]
- 9
0 0 Vg O B = 1 [3Via+2Vas+3Vss — 4(Vaa — Vag) c08 20 + (Voo — 2Vig + Vi) cos 40]
N0 0 0 V)
C' = % [Vaa + 6Vos + Vs — (Vaa — 2V + Vgﬁ) COS 4(9] :
(A E E D)\ D = 1[Vaa — 2Vas + Vpg)sin® 26,
~ E C D F
V = USVU2 — D C F E —i [Vaa — V@ﬁ + (Vaa — 2‘/@5 + Vﬁg) COS 29] sin 26,
\ D ¥ F b ) F —3 Vaa = Vg — (Vaa — 2Vag + Vpg) cos 26] sin 20,

(MM, JCAP 2014)



Technical: 2-comp 2-particle dynamics

Schrodinger equation ih0; Imm (1, x9,1)) = (H™+HE*™+V) [mm(x1, 12, 1))
(HE 0 0 0 Hiye = =0, f2my = 02, /2,
e 0 Hfree 0 0
e T S I =~ om0y — O
free
\ 0 0 0 Hy ) Hlf;bee _ _a§1x1/2ml — 8£2$2/2mh — Am,
Hjye = =07, /2m — 02, /2m; — 2Am.
[ HE™ 0 0 0\
rav O ngav O O rav
Hé& = 0 ]E)l ng}fav 0 H;glh — mh¢(xl)+mh¢(x2)7
O O O ngav rav
\ iy HE™ = my(ar) + mud(za),
Hp ™ = mud(x1) + mad(z2),
A EFE E D rav
. ( E C D F \ H;, = mu@(x1) + mud(z2),
V =U,VU; = E D O F
\ D F F B / scattering conversion



time

1.5

1.0 -

05

0.0

Complete evaporation of 2-comp. particles

nnnnnnnnnnnnnnnnnn
20 -
- total \
E _
E) 1.5¢F
S - .
% : light
= !
§ L0 ‘—< \ -
£
Z - heavy N
505
p OO |||||||||||||||||
0.0 0.5 1.0 1.5

(MM, JCAP 2014)



- History & Motivation
+ Models (SIDM, etc)

+ Overview of 2cDM | » physics

> cosmology
> understanding




Substructure 2cDM physics

Core heating does not change halo mass.
Thus, SIDM without baryons cannot resolve the satellite problem.

If Vkick > Vescape, dwarf halos destroyed
inelastic: 1h) + 1 = 1) + 1)

"kick” velocity: amo2kick ~ Amc?

If Viick < Vescape, —central cusps softened

log # of halos

MVM, ArXiv 2000; J Phys A 2010; JCAP 2014 log halo mass
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log density, velocity

Core-cusp 2cDM physics

CDM, collisionless halo profile

collisional (inelastic) heating

~ p(r)

+ temperature equilibration

log radius

log density, velocity

heating

log radius

Core formation via collisions. Self-Interacting DM (SIDM): Spergel & Steinhardt, PRL 1999



Core-cusp Iin simulations
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Summary: theory confirmed

MVM+ : 2cDM simulations

Theory confirmed

[ mes CDM CDM
_10f == SIDM *
— SIDMconv . 2cDM-conv only
___ 2cDME - ; m 2cDM
-1.5T
— V=100 km /s (2¢cDM) e ;
- - V,=20 km/s (2cDM) ‘s _aomk
& v V=10 km/s (2cDM) Q@) !
& | l
5-\ | Klypin et al. 2015 E B
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= H Simon & Geha 2007 g S0 ;
_1 %D |
_\l\: . _ — -3.5 f
=) i
i Iy 3 4.0
. i Z
- ~45F ; s i
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Key: cross-sections

0
_ . o Tr (l) 2
cross-sections O(siti)—(siti) = 12 Z(Ql +1) ‘1 N S(Sitz’)(siti) ’
vt =0
T\ 0 2
[
O-(Siti)—>(8ftf) o k_zz Z(Ql T 1) S(Siti)(Sftf) ’
[=0
parameterize oo p(v) =4 O (v/vg)? for scattering,
(] - .
ogo(ps/pi)(v/vo)*e for conversion natural: a=a.
examples: as=ac=0 "hard spheres" (s-wave scattering)
as = ac=-1 annihilation-like
s = ac= -2 maximum conversion probability

as = -4 Rutherford-like



2cDM o(v)-simulations

o(v) = o(v/vg)*® for scattering
o(v/vg)*e for conversion

Go/m

(0,0) (0,-1) (0,-2)

+ across halo mass scales: dwarfs -- clusters

(=1,0) (-1,-1) (-1,-2)

('2-/0) ('2/'1) ('2/'2) 0 & 0.001 107 1015
(-4,0) (-4,-1) (-4,-2) o

over 120 different simulations
10



o = 0.01/0.1,1 Jand 10,

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

for scattering
for conversion
(aS/ aC)

(Todoroki & MM, 2019,2020,2022)
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2cDM summary

Some 2cDM models®
simultaneously resolve:

Substructure Problem

TBTF problem

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

Radial distribution of dwarfs (problem?)

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

(Todoroki & MM, 2019,2020,2022)

MW Dwarf GC Theoretical
Model og9/m Density profile = VF  RHDF  Density Profile Density Profile g-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
(_1,_2) ool NOo vES  VES | o IR R Rt
0.01 Baryon YES YES NO - - —
0.1 YES YES YES NO - — —
1 YES YES YES NO — — —
10 NO YES YES NO - — —
(0’_2>0001 ...... No viEs  ves | o oo R R R
0.01 Baryon YES YES NO — — —
0.1 YES YES YES NO — — —
1 YES YES YES NO — — —
10 NO YES YES NO - - —
(_2,_1) ool No viEs  ves | o |l R R R
0.01 Baryon Baryon YES YES — — —
0.1 YES YES YES NO — — —
1 YES YES YES NO — — —
10 NO YES YES NO — — —
(_1,_1) ool No viEs  vEs | o oo JEREEE EREEEE B vis
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
(07_1)0001 ...... No viEs  vEs | o oo [EREE R R
0.01 Baryon Baryon YES YES — — —
0.1 YES YES YES NO — — —
1 YES YES YES NO — — —
10 NO YES YES NO — — —
(_270)0001 ...... No No vEs | o oo [EREEE R R
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 — — —
(_1,0)0001 ...... No No vEs | o oo R EEEEEE R
0.01 Baryon NO NO YES YES YES YES
0.1 YES Baryon YES YES ? YES YES
1 YES YES NO NO - — —
10 YES NO YES NO — — —
(0,0)0001 ...... NGO No vES | o oo R EEEERE B vis
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
SIDM 0001 vEs No R R R Rt
0.01 YES NO - - - — —
0.1 YES NO — - - - —
1 YES NO — — — — —
10 — — — - — — —
oM No vo no | vo | RERERES vis RS EERREEEEE
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Substructure evaporation

assume profile hydrostatic balance yields
_ L —B 2 47TGp0Rﬁ 2—f
p(r)—po(R) Vih = 335"

| dM . .
mass-loss per radius 7~ = Amr®p = 4mr” po (E

=t == (Z)v=m (5) 2 (2)"

3—50’0?)0 G (47T,00>1/3

integrate to vield the total halo mass-loss M =
J 4 A+3 m vl \3— [

Jjust a constant approximately constant

solution M = —|A|M*® indep. of halo shape (beta)

1/(1-€)
My = [(1 _ &) At + Ml—ﬁ}

initial halo mass final halo mass



Substructure evaporation

_3/2
mapping of old to new (M‘2/3 — %At) a=0
Mgy = MeAt, a= —1
3/2
(M2/3—|—%At) , a= —2

New mass function given the old one f(M,) Is  f(Moy) = f(Mo(M,t)) = f(M, 1)

- . . Velocity functi
and similarly for the velocity function elocity function

1000 - analytical result for

Oconv ~ V2

100 . — a=0
E — a=-1
Z
Evaporation resolves substructure & ol . — a=-
TBTF problems : — CDM

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

0.1 0.2 0.5 1



Do halos evaporate completely?

: : 2
abundance evolution eqns.  nn, = —(oppv) Ny, — (opv) NNy,

n; = —(opv) npng,

then dny, _ Thh Th +1
dnl Onl Ny

solution  ™ha(%) _ nio/mho\ [ ni(t) (1o n1.0/Th.0 nl(t)>R
nh,() 1—R nl,() 1—R nl’()

asymptotically np(oo0) — 0, n;(00) — Ny o

complete evaporation is possible when

MM, J Phys A 2010; JCAP 2014



Message 1

SUBSTRUCTURE

simulations vs data - fit well

— CDM
— SIDM
_ 2DMIY

=
o
w

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

=
o
N

$—¢ Klypin et al. 1999
Simon & Geha 2007

N(<V)

Number of halos with < V____
Sr—-

10 30 50 100

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

1000 |

100 |

10 |

theory with o(v) can explains TBTF and
missing and non-missing satellites

Velocity function

analytical

result for

~
Oconv ~V

0.1

0.2

0.5

(Todoroki & MM, 2019,2020,2022)



Cusp softening

Vih

number of interactions per particle AYe

a+1 a+1—5 (a+3
go Vvir Tc 2 ( )
Nint = novty = pyir—1tuvo

m Vo Ryir

(3 o 5)Mvir
Ar R3

vir

Pvir =

V2 — GMvir/Rvir

VIr

go
Nvir = Pvir — VvirtH
m

core radius

Scattering resolves core-cusp problem
Core size tells: _
co/m and 1ndex as (scattering) i

X 0




PROFILES

10°

m— CDM
-  SIDM
conv
100 TIIIEI oSy . 2cDMgyyy
: .. V.=10 km/s (2cDM)
- - V,=20 km/s (2cDM)
= 107 V, =100 km/s (2¢DM) -
o
®©
<,
Q 10 — 1oL -_
10
3 5
10° 101 102

r [kpc]

Wide parameter region allowed:

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

Message 2

Resolves core-cusp problem.
Core size tells:

oo/m and indexes as , ac

core sizes from fits to simulated halos

log gp/m _1} ¢

(Todoroki & MM, 2019,2020,2022)




DISTRIBUTION of
SATELLITES

Resolves substructure radial distribution
Shape of function depends on all parameters

Wide parameter region allowed:

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

Am/m ~ 1028 < vk~ 50-100 km/s
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2cDM predictions

(MVM, JPhysA 2010; JCAP, 2014; PRL 2014)

direct detection

h
1% " T EL [ >
inelastic recoll e
Am/m ~ 10-7--10-8 /
example, m ~ tens GeV, AE ~ few keV ° — Amc?

indirect detection

h l V-rays
“y-ray annihilation \ o.,..-‘r
line triplet’ E, =mc? + % Amc?
'h,l/y RPN

example, 100 GeV £ ~keV



2cDM vs other Inelastic

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

. | | excited, inelastic, exothermal, dark photon, boosted...
early universe "catastrophe

J reezel}Out: X-Y ldecoupling . Y abundance suppressed
small 64 arge osi ~ exp(AE/T)

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

O-({E)tnv ™~ (Am/m)4aconv

after structure formation
before structure formation

(MM, JCAP 2014)



Outcomes

some fine tuning of o to Hubble time too few too many collisions -
hat ab ) collisions - 0.1 <o/m <few cm*g gravithermal
what about o(v) : uninteresting collapse
maybe it is needed?
large 6/m ~ 1 cm?/g ~ 1 barn/GeV a fifth force?
high degeneracy Am/m ~ 10-7-5 possibly needs light mediator

What about low-degeneracy?
Boosted DM =>
See recent KC, et al paper.

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



2cDM model parameters

Theory Simulations

matrix elements Vv mass degeneracy  Am/m

aa s Vap > Vpp

mixing angle G cross-sections o,/m ,o;/m
a?
f el tat my , m |
masses of eigenstates T TR what about o(v) 7 6p(WIvg)%, G(VIvp)®
initial composition set by mixing |
| S— — - — — — -
one can simplify by makings assumptions: then, we can have the most "minimal" model
(A E E D\ Vap = Vga = 0, 0110
~ E C D F ' 1001
_g7i _ __
\D F F B) 0 = /4. 0110



Next decade:

A paradigm shift?

CDM Inelastic DM

»

- Self-interacting
- Collisionless + Multi-species

-+ Single species - Exothermal/Endothermal
- Cold + "Non-minimal”

- LSS evolution with z

- Ly-alpha forest imprint

- Early universe (?)

Need - Data!

+ Cosmological observations

+ |ndirect detection

+ Direct detection
- Comprehensive realistic simulations w. baryons
- Theory
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end of presentation



