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@ Motivation

® Halo core sizes

® Subhalo evaporation
@ Halo ellipticity

@ Galaxy cluster collision

@ Self-interaction energy density
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Problems with collisionless Cold Dark Matter

Simulations of the structure formation with collisionless Cold
Dark Matter fit to large-scale structure oberservations (galaxy
clusters, ...) but 'fail’ on subgalactic scales:

e Substructure problem

e Cusp vs. core problem
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Substructure problem

bottom-up scenario

Problems with Cold Dark
Matter

Simulations of the structure

1000 g~

Simulated cluster |

formation with collisionless
CDM fit to large-scale structure
oberservations but 'fail’ on
subgalactic scales:
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Cusp vs. Core problem

o(r) oc —4

—  \2
Problems with Cold Dark s (HE)
Matter

Simulations of the structure
formation with collisionless
CDM fit to large-scale structure
oberservations but 'fail’ on i,
subgalactic scales: =- -

e Substructure problem

e Cusp vs. core problem
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log(r/R opt)

Salucci et al. 2007, MNRAS 378

log ( rho / (g/cm?) )
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Problems with collisionless Cold Dark Matter

Simulations of the structure formation with collisionless CDM
fit to large-scale structure oberservations (galaxy clusters, ...)
but 'fail’ on subgalactic scales:

e Substructure problem

e Cusp vs. core problem

Self-interacting Cold Dark Matter
Self-interacting CDM: large scattering cross-section

e Colder subhalo in larger halo — heated
— spallation or evaporation

e Heat transfer from hotter outer regions to colder center
— smoothing from cusp to core
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Self-interacting Cold Dark Matter
Spergel & Steinhardt 2000, Phys. Rev. Lett. 84

Self-interacting CDM: large scattering cross-section

e Colder subhalo in larger halo — heated
— spallation or evaporation

e Heat transfer from hotter outer regions to colder center
— smoothing from cusp to core

In addition:
e |sotropization of velocity distribution in dense regions
— spherical centers

0.45cm?/g < ag/Mpy < 450cm?/g
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CDM halo cores

Cold Dark Matter halo core sizes

Heat transfer from hotter outer regions to colder center
— smoothing from cusp to core

S1Wa S1Wb
ot =0.1lem?g! o* = L0em?g~"
e = 40 h~kp ‘ e = 100A kpe
1:0.88:066 1:091:072

Yoshida et al. 2000, ApJ 544
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Davé et al. 2001, ApJ 547

osi/Mom < 0.5 —5cm?/g

Rainer Stiele Heidelberg University dark matter self-interactions 4
[ D



Motivation Core sizes Ellipticity

Cluster collision

Sl energy density

Conclusio

ns

Evaporation of galactic halos

Colder subhalo in larger halo — heated
— spallation or evaporation

Galactic halos have to survive
heating from hot cluster halos
at least for a Hubble time:

os/Mpom < 0.3cm?/g
Gnedin & Ostriker 2001, ApJ 561
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Ellipticity

Cluster halo ellipticity

Isotropization of velocity distribution St

in dense regions
— spherical centers

1:0.82:065

Ellipticity of cluster halos
at radii ~ 100kpc

S1Wb
o* = LOem?g!
o = 100 A~ Ykpe:
1:091:072

0'S|/rTbM 5 OOZCmZ/g

Miralda-Escudé 2002, ApJ 564

Yoshida et al. 2000, ApJ 544
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Ellipticity

Cluster halo ellipticity

Isotropization of velocity distribution
in dense regions
— spherical centers

Ellipticity of cluster halos
at radii ~ 100kpc

os/Mpy < '0.02' cm?/g

Miralda-Escudé 2002, ApJ 564

Yoshida et al. 2000, ApJ 544
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Galaxy clusters collision

Bullet cluster

No offset between galaxies
and mass peaks:

os/Mpm < 1.25cm?/g
Unchanged subcluster
mass-to-light ratio:

os/Mpm < 0.7cm?/g

Randall et al. 2008, ApJ 679 A Qulesis
Weak lisansing

Clowe 2007, Paris Cosmol. Collog. 2007
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Core sizes Evaporation Ellipticity

Bullet cluster
No offset between galaxies
and mass peaks:

os/Mow < 1.25cm?/g

Unchanged subcluster
mass-to-light ratio:

os/Mpm < 0.7cm?/g

Randall et al. 2008, ApJ 679

Cluster collision

Sl energy density

P - T
Clowe et al. 2006, ApJ 648

Galaxies
Gas
Weak Lensing

Clowe 2007, Paris Cosmol. Collog. 2007

dark matter self-interactions

Conclusions

Galaxy clusters collision
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@ Self-interaction energy density

RS, T. Boeckel, J. Schaffner-Bielich
arXiv:1003.2304 [astro-ph.CO]
accepted for publication in Phys. Rev. D
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Self-interaction energy density

Self-interaction energy density
L= (1P~ my) v — BV + ImeV, v

Du e au + |ngvu : Vy,u - ayvu - auvlt
N __ ag n2 _
9s = g Nsipm = Psi
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Self-interaction energy density

Self-interaction energy density

L= [P —my)y— 2V, VA + Im Vv, vr
Du e au + |ngvu : Vy,u - ayvu - auvlt

[D-my]p(x) =0 — wy=/K+m +guVo

= 03 = % n%IDM = Psi
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Self-interaction energy density

Self-interaction energy density

L= [P —my)y— 2V, VA + Im Vv, vr
Du e 8u + |ngvu : Vy,u - ayvu - 8VV1L

[D-my]p(x) =0 — wy=/K+m +guVo

MEVo = Gvy VY0P = Ovyp Nys; Ny = Jo = Yo

= 03 = % n%IDM = Psi
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Self-interaction energy density

Self-interaction energy density

L= [P —my)y— 2V, VA + Im Vv, vr
Du e 8u + |ngvu : Vy,u - ayvu - 8VV1L

D=9 =0 = oy =R+ oot
MVo = Gvs 701 = Guy My ny = Jo = ¢Yyo¢
o =70 (i — Vo) ¥ + JEVE = ol + S

P = 3 [1° (100 — GuyVo) — my] 4 + SmEVE = plie 1 S 2

= 03 = % n%IDM = Psi

Rainer Stiele Heidelberg University dark matter self-interactions 9



Motivation Core sizes Evaporation Ellipticity Cluster col lision Sl energy density Conclusions

Self-interaction energy density

Self-interaction energy density

L= [P —my)y— 2V, VA + Im Vv, vr
Du e 8u + |ngvu : Vy,u - 8p,vu - 8VV1L

[P - m] v =0 — wy= /1% + Vo
MVo = Gvy VY0¥ = Gy s My = Jo = ¥y0¢)
i =0 (00— Vo) + JEVE = o + St
P = 3 [1° (100 — GuyVo) — my] 4 + SmEVE = plie 1 S 2
Msipm = M),  Msl = My; ag = g\zlw/z

= 03 = % n%IDM = Psi

Rainer Stiele Heidelberg University dark matter self-interactions 9



Motivation Core sizes Evaporation Ellipticity Cluster col lision Sl energy density Conclusions

Self-interaction energy density

Self-interaction energy density

Psi

1055ﬁ

_ « 2
e 05 = Eszll nSIDM 10%

T

T

For comparison:
Meesk_ , 300 GeV,

T

energy density p/p,
8!\2
[ A R

G ) C

% ~ 100MeV 11"08 ;
°*ps =03 = he
os xa® "o

= Epoch of self-interaction domination
prior to radiation-dominated era.
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Self-interaction energy density

Scaling arguments
s X ”32|D|v|i os xa® = ngpyocad

= Warm self-interacting dark matter

Energy density evolution

U R SN N TN TN N SN Y N N |
N

10
104

10%5
20 _|

10
_ 9wom T3 Hwbm 25|
® nwom = <23* Twvpm eXp(m) 10

- mg/adf=1keV ||
-- mg /adl = 100MeV| |
— mg /adf =300GeV | -

WSIDM particle parameters:

|
|
|
I
|
T i |
T i1020ﬁ h : -
g 1015_ | ] -
13 L i | L
_ (9ne(d) 10
e Twom(a) = (% T(a) 10 i i -
Yineq 104 ! 1 L
0 _ O 105, I I .
® owpm = Mwbm Nypm o ol lacue -
10 T T T T T T T T T T T T T T
0 _ 00 0 10™ 10" 10" 10% 10° 10* 107 10°
* Fivom = Qwom / Qbm a[a]

mwom = 1keV, gwpm = 2, swom /Twom = 0, Fypy = 1
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Sl energy density

Self-interaction energy density

Energy density evolution

1045 1 1 1 1 1 1 1 1 1 ] Il 1
\ ! 12
. 90 N | - mg /og =1keV F
WSIDM particle parameters: %] i - o 0% = 100Mev| |
. , 1% : — mg /adl = 300GeV | |
° — JWOM Kwbom _ 10 N i
Nwbm 22" Tivom EXD(TWDM < o 1| i
g 1015_ | ]
1/3 & i |
_ (9nea(®) 10 i i
e Twom(a) = (QF#) T(a) 10° ! !
heq 1004 ! |
0 _ 0 10° i i
¢ QWDM o MNDM nWDM 102 F— T la"?’: T T T T T T ;aCl\qB T
0 _ 00 0 10™ 10" 10" 10® 10° 10" 10% 10°
* Faom = wom / Qbm alfa]

mwom = 1KeV, gwpm = 2. swom /Twom = 0, Fiypy = 1

=- Only very strong interactions would have an impact on the
very early Universe. — BBN perfect test!

Rainer Stiele Heidelberg University
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Self-interaction energy density

BBN constraint

T(keV) e Kick-off of BBN freeze-out of
4499 2107 1008 529 265 134 66

‘ n/p: I'np < H

-—— Equilibrium /p ratio exp(~Am/T)

Free-neutron decay exp(~£/T,) [ ) H X 91/2

1.00

Minutes: 1/60 1515 60
nip 05 10" bt
n
o \ He
g P 10* e
10 10 10° 10 102 10° € > /
t(s) % 10 He
£ b
Steigman 2007, Ann. Rev. of Nucl. and Part. Sci. 57 Z o™
=
e Nearly all n’s captured in *He s
10" ;
-6 T —
QSl X a = n/p — YP 10 10"'K (8.6MeV) 10K (0.86MeV) 10°K (86keV) 10°K (8.6keV)

Temperature
Mukhanov 2004, Intern. Journal of Theor. Physics 43
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Self-interaction energy density

Allowed energy density at n/p freeze-out
0sl X at = n/p —  Yp
f.0. f.0. fo. — f.0.\ f.0. f.0.
o = 08> + o = (1+%5%) oy 0<xg> <1
os increases (N/p)i.o. — increases “He abundance Yp

YP < 0255 (Steigman 2007, Annu. Rev. Nucl. Part. Sci. 57)

= ok <0.2790% -

0.27 -

o
>0.26

0.25

T T T T T T T T T
0 01 02 03 04 035 06 07 08 09 1
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Self-interaction energy density

Allowed energy density at n/p freeze-out
0sl X at = n/p —  Yp
f.0. f.0. fo. — f.0.\ f.0. f.0.
o = 08> + o = (1+%5%) oy 0<xg> <1
os increases (N/p)i.o. — increases “He abundance Yp

YP < 0255 (Steigman 2007, Annu. Rev. Nucl. Part. Sci. 57)

12 | | |

10

= QfS|0 < 0.279 QI;.% 10""4 3
1010_ -
= o 19 rong iteraction, m fadftoomey £
My > 106 a\/2 Fawom 3 .51 P
5. > 170-10°eV? x fuou S r
;«7: 10° 3
= Dark Matter particles can o i
interact with the strength 10°4 r
. . 10 3 E

of the strong interaction 10° , . . ‘ ;
...and even stronger! L S LA

Myom/ Fiom [eV]
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Self-interaction energy density

Comparison
2
«
og ~ S5
ST g
s=4EZpy, Esipm ~ Tsipm (~ Msipm)
4 10" — L - L L |
98l Vas 10"q___. F‘(';VDM=
Msipm 4 ( LS| > rnSIDM 104 Ugj’fns‘:;=0.450m2/g
10° 4~ == Os/mgpy = 450cm?/g
Spergel & Steinhardt 2000, S 10T e et
Phys. Rev. Lett. 84: 5 b
osi/Msiom :O.45—450cm2/g ;m B
Randall et al. 2008, ApJ 679: o
os/Mepm < 0.7cm?/g 103
10 3
Miralda-Escudé 2002, ApJ 564: 10°
os/Mgpm < 0.02cm?/g 10° 100 10® 10 10t 10° 10°

Myow [eV]
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Self-interaction energy density

Consequences

Psi

energy density p/p,

T T T 1 17 T 1T T 1T T 1T

radmat
aeq

— DM decoupling during self-interaction domination
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Self-interaction energy density

Warm self-interacting dark matter decoupling

Decoupling: I'a = H ['a = Npm (oAV) H o %2
10° i 4 il
10" 3
10° 3
/o 5 107 3
1/2 ag| & ] r
H o 05" = 55" Nwom s s
& 10° r
N 1074 3
WDM _ 12 =1 V/Os  10° r
= o = B/ R 4
7 100MeV 10" S msw/“xs\‘—10?Mev
A 1AS X 1077 oG Owesk 10° 10" 10° 10° 10° 10° 10° 107 10° 10° 1010 10"
msi /\/as 3 LA
Rk = TOHS ~3.18-10"2Gev 2 ~ 1.24. 10~ ¥ em?

“the elastic scattering cross section cannot be arbitrarily small given a
nonvanishing inelastic cross section” (Hui 2001, Phys. Rev. Lett. 86)
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Self-interaction energy density

Collisionless cold dark matter decoupling (Foom 7 1)
Decoupling: T'a = H s = Ncpm (oaV) H o o¥/2

1/2 2
<0’AV> X O'EDM (ﬁ) H x Ql/ = \/g NwpMm

—1/2
Cdec _CDM ( Mcpm Cdec Vsl
= Ncpm %A (Tcdec ) X Nwbm

conditional equations for decoupling:

Mepw o~ 20.8 + In | 9eom FO mypm VMsi/as og™ +In
Tede godc ' WDM TkeV I00MeV  owea TCdec

1/2
USDM o ( Mepm / F\(I)VDM Mcom Vasl
Twenk Todes 1-FQpy Mwom Mg
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Self-interaction energy density

Collisionless cold dark matter decoupling

CDM FWDM V
IA~ X 1TTRY g TCDM Tweak
1011 L 1 1 1
—1
o S04 set mcpm  Ocom Mwom  Fypwm
o Soaf [TeV] [keV]
3 1 10 2 1 0.1
o107 Foo2 10 3 1 0.1
0t E 3 10 2 10 0.1
. .4 10 2 1 0.9
o] . 5 01 2 1 01
- 6 001 2 1 0.1
10" 10® 10° 10* 10° 10° 10" 10° 10° 10"
mg /ogf [eV]
no Z—xx = Mcpm SMz/2~456GeV ruled out

for O'EDM > Owesk

Rainer Stiele Heidelberg University
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Self-interaction energy density

Collisionless cold dark matter decoupling

~ 10-23 31 o Meom/10TeV  1Mev  Fipwm
(oaV) = 2.77 - 107“°cm®s™~ X Tvow /TKEV. g /o T-FO

1019 1 - 1 | |
0 S w(iooGev)E  set  Mcpm  Ocom  Mwom FSVDM
R ) [Tev] keV]
=73 vb(100Gev)f 1 10 2 1 0.1
e T w(oTev) 2 10 3 1 0.1
8 5] . wb(10TeV)F 3 10 2 10 0.1
5 ________________ PR R 4 10 2 l 09
0|7 ) F 5 0.1 2 1 0.1
107 | S i 3
" 5 radiation domination:
b 100 108 10° 10° 10° 108 10 10° 10° 10°  (OAV) ~3x 10" emisT1/(1 - Fypy)

mg /agf [eV]

ub: unitary bound  (oaV) < —2T
i < A > = mépy Vv

vb: neutrino constraint; Yuksel et al. 2007, Phys. Rev.D 76
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Self-interaction energy density

Collisionless cold dark matter decoupling

Fermi-LAT: cosmic-ray electron-plus-positron spectrum
PAMELA: excess in the positron fraction

10
I ; set \/"S—S' gecom  Mwom  Fpw
10 % 3 [MeV] [keV]
- \ A 1 2 1 0.1
577 c - B 1 3 1 0.1
I C 1 2 10 0.1
5107 5 D 3 D 1 2 1 0.9
E 103 2 1 0.1
] . F 100 2 1 0.1
A c F v
10%° . my/3 » T T vb: Yiksel et al. 2007, Phys. Rev.D 76
10 10 10 10" PAM p, Fermi u: Bergstrom et al. 2009, Phys. Rev. Lett.
mepy [TeV] 103
radiation domination: PAM e, PAM W: Catena et al. 2009, arXiv:0912.4421

(oaV) ~ 3 x 10~ B cmds~1/(1 — FQpy) PRl
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Self-interaction energy density

Consequences

Psi

energy density p/p,
T 17T T T T T 17T 17T 17T T T T°T1

radmat
aeq
T

dcms
T

2
10* 102 10°

— Structure formation in self-interaction dominated era
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Self-interaction energy density

Structure formation

3 i—C2 ;
6 = (Wa ) H¢I 1+W)04
L Lo
o = 2=ty - E5ta
o g(1+3c§)
(72) +5@+w)

single fluid w = 1, subhorizon (ksn/H > 1):
dsipm (@) o a- (Acos(a? — 3r/4) + Bsin(a? — 3r/4))

Hwang 1993, ApJ 415

damping scales:

~ [tsdec Viypu (1) dt 3 :

Isd 0 Tat)aD self-damping )

oehm et al. 2005, A&A 483

teollapse VWDM (t) dt
tsdec a(t)

Rainer Stiele Heidelberg University dark matter self-interactions 22

lts ~ free-streaming



Motivation Core sizes Evaporation Ellipticity Cluster col lision Sl energy density Conclusions

Self-interaction energy density

Structure formation  (FQpy # 1)

subdominant CDM:
Wepm = Copy =0, W W =1, G~ cfg =1

dcom = a- (C/a{{‘z) +D ‘ e MacHO/EROS

107 Mg

Transfer function T(K):

T(k) = A®I(k)/A" (k)

TK) = /5, Ki>k>HE

—40|  mwpMT | MWDM
100keV  lkeV

log;o(MIMq)

0 2 4 6 8 10 12
logo(msi/a i [eV])
M S 10_3M@ #wom /Twom = 0. Fpy = 0.1
ang. Q 0.a _ Alcock 1. 1998, ApJ 499;
MACHO / EROS sensitivity limit: ~ 10~'M, e e

Rainer Stiele Heidelberg University dark matter self-interactions 23



Motivation Core sizes Evaporation Ellipticity Cluster col lision Sl energy density

Bounds on Cold Dark Matter self-scattering cross-section

| osi/mom [cm?/g]

Halo cores <05-5
Galactic evaporation <03
Cluster ellipticity < 0.02
Bullet cluster <07-125

Self-interaction energy density

Additional energy density contribution dominating in the early universe
e Restrict self-interaction strength by Big Bang Nucleosynthesis

e DM decoupling during self-interaction domination

Structure formation during self-interaction domination

Rainer Stiele Heidelberg University dark matter self-interactions 24
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Self-interaction energy density

e Additional energy density contribution dominating in the early
universe: gs = % ngpm o< a~®
|

e Restrict particle parameters by today’s Dark Matter energy

density:

9wbM Mwpm H“wDM 0 2
exp( ) x Qpyh

ahe Fvom Twom pm™o

e Restrict self-interaction strength by Big Bang Nucleosynthesis:

0
Ms > o Fwom ~
Jos ~ o e = mg /\/as ~ MeV allowed

e WSIDM decoupling in SI dominated universe:  oW°M < oyex

\

Y
AL

e Collisionless CDM decoupling in SI dominated universe:

oSPM o mepw anSI : (oav) > 3 x 10-%cm3s?!

Q9
e Structure formation in S| dominated universe: g
dswom o a; Scom xa, M <1073Mg

Rainer Stiele Heidelberg University dark matter self-interactions 24
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Thank You for Your attention!

Self-interaction energy density

e Additional energy density contribution dominating in the early
universe: gs = % ngpm o< a~®
|

e Restrict particle parameters by today’s Dark Matter energy

density:

9wbM Mwpm H“wDM 0 2
exp( ) x Qpyh

ahe Fvom Twom pm™o

e Restrict self-interaction strength by Big Bang Nucleosynthesis:

0
Ms > o Fwom ~
Jos ~ o e = mg /\/as ~ MeV allowed

e WSIDM decoupling in SI dominated universe:  oW°M < oyex

|}
s
A

Y

e Collisionless CDM decoupling in SI dominated universe:

oSPM o mepw anSI : (oav) > 3 x 10-%cm3s?!

Q9
e Structure formation in S| dominated universe: g
dswom o a; Scom xa, M <1073Mg
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Thank You for Your attention!

Self-interacting Dark Matter, thanks to whom?

VOLUME 84, NUMBER 17 PHYSICAL REVIEW LETTERS 24 ApriL 2000

Observational Evidence for Self-Interacting Cold Dark Matter

David N. Spergel and Paul J. Steinhardt
Princeton University, Princeton, New Jersey 08544
(Received 20 September 1999)

Cosmological models with cold dark matter composed of weakly interacting particles predict overly
dense cores in the centers of galaxies and clusters and an overly large number of halos within the Local
Group compared to actual obscrvations. We propose that the conflict can be resolved if the cold dark
matter particles are self-interacting with a large scattering cross section but negligible annihilation or
dissipation. In this scenario, astronomical observations may enable us to study dark matter properties
that are inaccessible in the laboratory.

We thank R. Dave, J. Dalcanton, G. Dvali, J. Good-
man, E. Kolb, J. March-Russell, J. Miralda-Escude, J. Os-
triker, J. Peebles. J. Silk, S. Tremaine, M. Turner, and
N. Turok for discussions. We are grateful to_the West
Anglia_Great Northern Railway whose train_delay pro-
vided the opportunity for initial discussions. This work
was 1nitiated at the Newton Institute for Mathematical Sci-
ences. D.N.S. acknowledges the NASA Theory program
and the NASA MAP Satellite program for support, and
P.1.S. was supported by the U.S. Department of Energy
Grant No. DE-FG02-91ER40671.
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Galactic satellite population

Disruption of satellite halos

Colder subhalo in larger halo — heated
— spallation or evaporation
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Galactic satellite population

Disruption of satellite halos

Colder subhalo in larger halo — heated
— spallation or evaporation

L L L B B |
25 3
2
— .
/;_‘\ E
~ 1.5 =
z E ]
=] 1 [ = FiG. 3.—Solid line: Abundance of dark satellite halos predicted by
3 r - SCDM N-body simulations at different distances from the center of the
C 7 Milky Way halo (courtesy B. Moore 2002, private communication). Dashed
I —  line: Cumulative number of dwarf galaxies observed in the Local Group at
05 ] different Galactocentric distances (Grebel 2000). Dotted fine: Abundance of
I - - dark satellite halos, predicted for a cross section dependent on the halo
c T/ [ | | | ] velocity dispersion: o o< 1 /v, when tidal stripping is not taken into account.
S Filled circles: Cumulative number of subhalos that survive tidal stripping

1.4 1.6 1.8 2 2.2 and collisions in a self-interacting scenario with o o 1/v. Triangles: These
1 show that if the cross section is assumed to be independent of the relative
Log r [kpc h-1] velocity, the overabundance is unsolved at larger radii.

D’Onghia & Burkert 2003, ApJ 568
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WSIDM particle parameters

Conclusions
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Self-interacting Dark Matter — Structure formation

Structure formation of Self-interacting Dark Matter
Analyse relativistic structure formation of linear perturbations:

0= 00+ 00; §=100/00

. . . . 104
e self-interaction domination

dxa o 1]
o relativistic: ol
§ = const. '
* nonrelativistic: . :
5 Ina during radiation domination a(ag)
s a when matter dominated J‘O% =1keV, mpy =5keV, gpm =2, %’f =0, g{’,fgq =10

All modes inside Hubble horizon during self-interaction domination
grow already. Concerns only very small, non-cosmological scales
(M < 1073My). — Washed-out due to free-streaming?
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Coupling constant

05 = % nipw onlyfor mg > 5Tgpum
= Qg > ZS%TélDM

s

T T T T T T
10° 10" 10° 10° 10" 10° 10° 107 10° 10° 10" 10" 10
mg /o’ (eV)

Cdec (T = Meom/ (Meom/ Tedec)): Qsrong > 2.47 x 108
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