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Selt-interacting dark matter
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Why Self-Interacting Dark Matter?

2To solve cusp-core
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DM particles collisions create

constant density cores
(e.g. Dave et al. 2001; Colin et al. 2002;

Vogelsberger et al. 2012; Rocha et al.
2013; Dooley et al. 2016; Vogelsberger

et al. 2019; Robles et al. 2019)
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Why Self-Interacting Dark Matter?

2To solve missing-satellites

problem CDM — SIDM

SIDM | 0 =10 cm?2/g

- DDO 154
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R>00c = 147 kpC
No. satellites 69

M200C =3.7 X 1011M0
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Radius (kpc)

DM particles collisions create DM interactions between the

constant density cores host and the satellites enhance
the destruction of satellites

from tidal stripping
(Vogelsberger et al. 2012; Nadler et al.

2020)
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Why Self-Interacting Dark Matter?

2To solve too-big-to-fail
problem

[ DDO 154 { ,
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r [kpc]
SIDM lowers the central density
of the most massive satellites,
agreeing with kinematic
measurements from local dwarf
spheroidals (zavala 2013)

DM interactions between the
host and the satellites enhance
the destruction of satellites

from tidal stripping

DM particles collisions create
constant density cores
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2020)
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SIDM lowers the central density
of the most massive satellites,
agreeing with kinematic
measurements from local dwarf
spheroidals (zavala 2013)
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SIDM constraints: cluster-size haloes

Dark matter distribution (green Ordinary matter in color Theoretical scenario of the clusters
contours, gravitational lensing maps) (NASA’s Chandra X Observatory) of galaxies colliding
. — S '~ N

A » » R g PR G

F——SG
—i S|

56
56

57
57

S| (star-DM)

—55 58

SG (star-gas)
Wittmann, Golovich & Dawson (2017)

Offset?

6"58M425 36S 308 248 N 128 6"58M428 36° 308 248 188 19°

Cluster A collides with Cluster B

Dark matter is not self-interacting = No Offset

Dark Matter is self-interacting! — Offset >0



Dwarf Milky Way Cluster
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1 03 Dwarf Milky Way Cluster

—— — D — D — >

100

?D ?andall(+ (20%)8)
Vogelsberger+ (2016) |Peter+ (2012
(\l\ Cusp-Core problem Nadler+ (2019) stg\_is(oz%ﬁ 4(501 3)
E 10 Dave+ (2001) Massey+ (2015)
Colin+ (2002) y
& Rocha+ (2013) Harvey+ (2015,19)
Zavala+ (2013) Kahlhoefer+ (2014)
SIDM &R Vogelsberger+ (2019) T Wittman+ (2018)
S Robles+ (2019) 'l' Andrade+ (2022)
Cross = 1 T
section*> i R
per unit © T
Mass Sagunskl+l
O 1 2021

0.01
10 100 10° 107

DM particles’,, 5, [km/s]
velocity



1 03 Dwarf Milky Way Cluster
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Dwarf Milky Way Cluster
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SIDM constraints: Dwarf Galaxies

’hd Thd
—&— bar i UGC04278
—NFW 3 :
Gas-rich dwarf galaxies show a el
wide range of shapes 1n the inner ::

regions
(e.g. Gilmore et al. 2007; Normandy et al.
2009; Oh et al. 2011, 2015; Oman et al.
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SIDM constraints: Dwarf Galaxies

Classical dwarfs and
ultra-faint galaxies indicate
there 1s a diversity 1n the
inner DM distribution

No correlation of inner DM
slope with M+*/Mhpalo Or star

formation history
Hayashi, Chiba & Ishiyama (2020)

|
=2 =
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|
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-

Inner slope of DM profile

—2.0

NIHAO
FIRE-2
4 (lassicals

Hayashi et al. (2022)
(See also Hayashi et al. 2020;
Read et al. 2019; 2018)



Can SIDM explain the diversity problem in dwarf galaxies?



SIDM and Gravothermal Core-Collapse (Correa 2021)
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(e.g. Balberg et al. 2002; Koda & Shapiro

2011; Elbert et al. 2015; Sameie et al. 2020;
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Anti-correlation between pp)\ 150, and pericenter
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Kaplinghat et al. (2019)

Milky Way (MW) dwarf
spheroidal galaxies that
have come closer to the
MW centre are more dense
in DM than those that have
not come so close.

Which range of o,/m,

explains this anti-correlation?



1 03 Dwarf Milky Way Cluster
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1 03 Dwarf Milky Way Cluster
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TangoSIDM project: Tantalising models of SIDM

Moo [logio Mc]
8.5 04 10.6 11.5 12.1 124

A — We implemented SIDM on the
00— gravity and hydrodynamics
solver code: SWIFT

————————————————————

or/my [cm?g 1]

N ] \\ TangoSIDM consists on a set of
= SigmaVel100 -= SigmaConstant10

: giggzzggg ----- SigmaConstantl DM-Only and hYd rOdynam|Ca|
0.15 20 s0 100 150 200 cosmological simulations of

v [km/s]

(25 Mpc)3

Project collaborators:

Matthieu Schaller, Sylvia Ploeckinger, Noemi Anau Montel, This work on arxiv !
Shinichiro Ando & Christoph Weniger https://arxiv.org/abs/2206.11298




TangoSIDM project. Results

0 CDM model S6I8M Velocity-dependent model
Example é 4()
of circular =
velocities =
from  — ¢ 20 1
109°5M® | . é CDM , SigmaVel100
satellite 0 —= ' 0 — '
haloes 0 10 20 0 10 20
Radius [kpc] Radius [kpc]

2 Velocity-dependent SIDM models in Cosmological Dark Matter-Only simulations
are able to produce a “diversity” in the rotation curves of low-mass haloes

Correa et al., arxiv: 2206.11298



Conclusions

2 Velocity-dependent SIDM is a promising model to solve diversity
problem on dwarf-galaxy scales

2 SIDM (Velocity-dependent!) dark matter-only simulations easily
produce a diversity in rotation curves of low-mass haloes

2 Gravothermal core-collapse has important implications for
galaxy formation studies!

2 Contact:
camila.correa@uva.nl

Thank you! https:[[camllaoorre_a..c_:om
twitter: @ astrocamila



https://camilacorrea.com

Back-up slides



TangoSIDM project. Particle-physics connection

2. Calculated the probability of collision

e W% Pij =mj(o/m)|vi —v;l|gij(or;j)At,
4

? DM particles, y, interact via a light mediator, ¢ (my, < m,)

m 2 |In the non-relativistic limit, self-interactions can be
yd yd described by a Yukawa potential: V(r) = AX ,—mgr

T

2 In the perturbative limit (a,m, /m, < 1), the Born

2 s 2

differential cross section is do aymy

aQ [mivfel(l —cosf)/2 + mé]

5 -



TangoSIDM project. Results

___e—
0 10 20 30 40 50
L0 ¢200c¢ 1.0 - -
— Cuspy profiles CDM
=
Scatter of 7
circular E
velocities
at fiducial
radius I
from oS
satellite 3
= -
h d |OeS EL Cored profiles
—1.0 . '
l0g,0 Mpeak [Mc ] 10810 Mpea [Me ]

72 Velocity-dependent SIDM models in Cosmological DMONLY simulations are able

to produce an increased scatter in the rotation curves of haloes relative to CDM
Correa et al., arxiv: 2206.11298



TangoSIDM project, gravothermal core-collapse

10° E 125 F 5% 10!
; Satellite halo in core-collapse '
o E 100
% v z 75 ED 10"
5 > -
é § § \r-—\__/\
Z 107 | 5 =
< 5
- = 95
~ SigmaConstant10
106 e L o 0 | | | 1010 | | |
0.5 1 10 50 5 10 15 20 0 0.5 | 1.5 2
Radius [kpc] Radius [kpc] Z

2 Example of satellite halo in gravothermal core collapse



TangoSIDM project. Code development

1. We applied a SPH-inspired methodology to search
for neighbour particles

X

1% T Particles 2. Calculated the probability of collision
Initial T\ . scattered
positions < /
Pl] = mj (o/m)|v; — Vj\gij(ér,-j)At,

max(h;,h;) ;
01 (0ri;) = N /O BW(r |, bW (ot + ], b)),



TangoSIDM project. Code development

2 . . .
107 171 Analyical | 1. We applied an SPH-inspired methodology to
T B —N=64 search for neighbour particles
10 =S —N=128"
0 = —N=256
Q : (N |
iy 0L : I S : - . e
g 107 R SigmaConstantl | 9 (Ca|culated the probability of collision
— 10! L .
| : I
> |
02k 1 Pij =mj(o/m)|vi —v;|gij(orij)At,
S~ | I I
B 1077 k B RER max(h;,h ;)
ek ' C Brw(r ’
18 B | &ij(orij) =N ; d>r'W([r’|, hi)W(|orij + 17|, hj),
1 10 102 10°

3. Tested it for an isolated halo with
particle-collisions disabled.



TangoSIDM project. Code development

\ 500

- NG Hernquist initial profile
10° b Hlalo Mass 10 Mo
é N calc radius pC 400 _N\__//’, .
T o=t — \/
2 107 DS E 300
= N = 7
—t=0 Gyr a i
2100 p—=t=2Gyr
-—t=4 Gyr i
[ —t=8 Gyr 100
----Robertson et al. (2017)
105 ] 1 [ T T I A | 1 ] 'R T T I A | 1 O 1 ] [ T T I A W | 1 1 L3 3 a3l ]
1 10 100 300 1 10 100 300
r [kpc] r [kpc]

Example of 1014M@ Hernquist halo after 1, 2, 4 and 8 Gyrs, comparing with the
evolution reported by Robertson et al. (2017) for a similar setup.



TangoSIDM project. Code development

Hernquist profile
Halo Mass 1014M.;_-_:_;.
Scale radius 225 kpc

c/my =1 cm?/g

- —t=0 Gyr
-t=1 Gyr, N=643
---t=1 Gyr, N=128°

—t=1 Gyr, N=256°

1 10

r [kpc]

"~ 100 300

10°

= t=2 Gyr, N=64>
- t=2 Gyr, N=128°
—t=2 Gyr, N=256°

1 10
r [kpc]

" 100 300

10°

- t=4 Gyr, N=64>

- ---t=4 Gyr, N=128°

—t=4 Gyr, N=256°

1 10 100 300
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10°
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1 10
r [kpc]

100 300



or/my [cm®g ']

TangoSIDM project: Tantalising models of SIDM

Moo [logio Mc]

8.5 9.4 10.6 11.5 12.1 124
100 I\l | ] |
10 E
[ T PO T TR e
o SigmaVel100 -- SigmaConstant10
(= SigmaVelb0 - SigmaConstantl
== SigmaVel20
0.1 ' ' EEE— ‘
10 20 50 100 150 200

v [km/s]

Project collaborators:

Volumes of (25 Mpc)’ with 7527 particles, and resolution:
My = 1.44 X 10°M,, € = 650 pc

SIDM parameters DM interaction
Simulation n, mg @
Name [GeV] [MeV]
CDM / / /  No interaction
SigmaConstantl / / / [sotropic
SigmaConstant10 / / / [sotropic
SigmaVel20 3.056 0.309 1.23x 107 Anisotropic
SigmaVel60 3.855 0356 1.02x 107 Anisotropic
SigmaVel 100 4236  0.350 4.96x107° Anisotropic

Matthieu Schaller, Sylvia Ploeckinger, Noemi Anau Montel, This work on arxiv !

Shinichiro Ando & Christoph Weniger

https://arxiv.org/abs/2206.11298




TangoSIDM project. Code development

N IR —— Analytical 1. We applied.an SPH-insp.ired methodology to
10°F S —N=64 search for neighbour particles
— I 7 T ‘r,j\ : : _N:1283
T 10'E ‘ sl —N=2563
= ; C 11 Ny SigmaVell00 .1 .
2 00l R 2. Calculated the probability of collision
S o
= i Co \
5, 1070 ]
; Coo \ — . . oo . .
% -2l o AN Pij _m](o-/m)‘vl—V]‘gl](érl])Ata
! l |
— - RN \
1073 | :fé_a- A max(hi,hj) o ,
| ML 2ij 0ri)) =N [ BW (|, h)W (5t +1| k).
10—4- AN T N o — . _r 0
0.01 0.1 | 10 100
r [kpc]

3. Tested it for an isolated halo with
particle-collisions disabled. See example of
velocity-dependent cross-section



TangoSIDM project. Particle-physics connection

2. Calculated the probability of collision
Moo [logio Me]

8.5 94 10.6 11.5 12.1 124
. -— , Pii =mi(o/m)|v; —vi|gii(or;;)At,
L] J ! J16L] L]
100 —0
T,
§= V(’I“) -
S,
o=
S \
~ 2 2
5 \ AHMMDM
= SigmaVel100 -- SigmaConstant10 \ [m%M’Uz(l — COS 9)/2 -+ mg]z
= SigmaVel60 -+ SigmaConstantl
[ SigmaVel20 \
0.1 ' ' '
10 20 50 150 200

v [km/s]



TangoSIDM project. Results

Central haloes —NFW profile
2 Dark matter haloes form cores o | Maooc = 10" M., —cDM

10° B —SigmaVel20
n —SigmaVel60
S —SigmaVel100
=4 SigmaConstant10
s
~ 0
~N—
R%
-
L
-

100

05 1 10 20
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TangoSIDM project. Results

CDM

50 kpc

M>ooc = 3.7 X 1011M@
R200c =15 kpC
No. satellites 77

SIDM | o =f(v]|60) cm?/g

50 kpc

M>ooc = 3.7 X 1011MO
R>0oc = 151 kpC
No. satellites 77

SIDM | o = f(v|20) cm?/g

50 kpc

M>o00c = 3.6 X 1011M®
R>0oc = 51 kpC
No. satellites 77

2 Dark matter haloes change shape under various SIDM models

SIDM | 0 =10 cm?/g

M>o0oc = 3.4 X ].OllM@
R>00c = 147 kpC
50 kpc No. satellites 69




SIDM Halo Model - Correa (2021)

Road map

40 - A AIL\ T NFW profile |

| ii f | Gravitational tidal
15 oo o (V ) <+ .. <+
|5 o | P DM ’t stripping

R E

aaaaaa

Galactic orbit
integration
ziopeak_i n;fso TR0 200 T T
W .
re (pericenter) [kpc] Gravothermal Fluid Orbital parameters
approximation from Gaia mission

0150 [107 Mg kpc_3]

T (Helmi et al. 2018,
Fritz et al. 2018)
Pom.ini(t) + olm, dces Vgs Vr

t... = 3.5 Gyr (redshift = 1.87)



SIDM Halo Model - Correa (2021)

Fluid approximation

om

= = 4nr?p, Relaxation time:
) (pf;) G t.= Al(av)
82 - (9rT | L L 3 1 vtT 17! 912
Arr? B ‘ or 412 X tsmfp T tlmfp _> Arr? B —Ebpv l(z) " (Cl;z )- or
Z—I; = —47rr2,ov2 (%)mlog(g), l

Collisional scale for
mean free path:

4= 1/(ple/m,)])

Balberg, Shapiro & Inagaki (2001), Balberg &
Shapiro (2002), Koda & Shapiro (2011),
Shapiro (2018)



SIDM Halo Model - Correa (2021)

Gravitational tidal stripping

I adopt the following tidal stripping rate:
dm

e.g. King 1962; Tollet et al. (2017); but
m(>r;) see van den Bosch et al. (2018)

At T ot la 1010

+ transter function from

Green & van den Bosch (2019): CE 107
k.
p(ra tn) — p(ra tn—l) X H(F, t}@?]%? Cz()()(tn—l)) \
QL

10*

---Initial density profile

SIDM oft
SIDM on

7:11

t: 3.50 |Gy
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102 10~

A lllllll 4 A
10Y

r |kpc
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10*
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10°



SIDM Halo Model - Correa (2021)

Initial conditions

Orbital parameters

Initial Conditions

Name dgc VR VT | Mo200,init | €200, init Ps, init r's, init
[kpc]  [km/s]  [km/s] | [10° Mo] [10” Mo /kpe”]  [kpe]

UM 78 71 136 0.60 6.87 1.84 1.30
Draco 79 -89 134 3.46 6.36 1.54 252
Carina 105 2 163 2.13 6.53 1.62 2.09
Sextans 89 79 229 0.67 6.99 1.83 1.34
Cvnl 211 82 94 1.09 6.68 [..73 1.63s
Sculptor 83 73 184 4.74 6.28 1.49 2.82
Fornax 141 -41 132 3.54 6.38 1.53 2.54
Leoll 227 20 74 0.14 7.30 213 0.76
Leol 273 167 72 3.23 6.40 1.55 2.44
T — | T

taken from

Fritz et al. (2018) z=1.87,t=3.5Gyr

a(z) + B(2) log1o(Mago/ Mo) X
[1+y(z)(logyg Mago/ Me)?], (12)
Correa et al. (2015a,b.c)

logo c200(M200,2) =
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Central density evolution - Carina
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Central density evolution - all

10
. UM o [FE=======foo__ — Draco 10" Feswwssassta=..
‘Qv 10. _ ~~\=~\ ’ﬁv ) 1 [ -szs.‘
= . . = < —0 m\— 0(111 K —
= 10° -1 = 107 k 1
o 3 — o/ ni,=40 (111 g = < : — 0 /my=23 cm” g =
& — 0o /m,=41 (111 g -1 — e —0/ m\:)J(m 8 -1 —
= o/m,=45 cm?g~ E, =, — 0 /m,=25 cm?g ! E,
R - = . g R -
< 107} R R 10 E <107 L. B ——— 10° |
p T —— | | [ L L S - — ! L - L '
0 5 10 0 5 10 0 5 10 0 D 10
- Sculptor 1010 sk — Sextans
. [ —— el - —e ~
=4 X —_— i =4 107 — 09
2 10% ¢ =30 - = F & 107
= — o/ m,=3 (111 g P = = - | . - [
& —0 m\:") (111 g — RO —0/m,=90 cm“g~ —
- '_ . 02 -
= — /1My =33 cm” g -1 5 = — 0o /my=80 cm-g 5
= = R =
10 | s —— | 109 | | | | i |
0 5 10 0 5 10 0 5 10
. Fornax . Leoll
3 3]
2 : = —1 Q 8 —
é_, 105 L — o /my,=35 cm” g - — :j_. 107 —a /m,=120 c1m2 g —_—
o~ —0 m\:JD(m g =~ = —0 m\:ll()(m g =~ )
o —0/ 111\»—40 cm” g -1 — o —0/ m\.—l()() (111 g — 10"
=, —_— m\»—J) cm” g ~1 = =, —_—0 m\.—OU cm- g E,
—
3 h = 107 h
L0 e x F - IR ——_ !
| | L] oo | I | |
0 5 10 0 5 10 0 D 10
— Leol — C'Vnl L L L L L L) I
o o , i
= 10° —0/ m\.—JD(m g ! — = " —a"nz\:BU(m g -1 = 10°
= — 0/ m\.—)() (111 g -1 o = 10° ~=ofmy=65cm* g =1 = '
& —0 m\.—))(ln g = — & ; —0 [, =67 (111 g = —
= —  /m,=60 cm* g -1 E‘, =, I —a /m,=69 cm” g —1 5
2 ~ q‘ BT
= 107 : Q 105 |
- | = | | | - | | |
0 5 10 0 5 10 10 0 D 10

Lookback Time [Gyr] Lookback Time [Gyr] Lookback Time [Gyr] Lookback Time [Gyr|



Results - Correa (2021)

Velocity-dependent cross section
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