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Astrophysical probes of dark matter

Dwarf  MW-sized Galaxy Galaxy
galaxies  galaxies groups clusters

<10 My 102 Mo  10™ Mg 10" M,

Images: [ESO/Digitized Sky Survey 2][Daley; smithsonian.com]

[NASA, ESA; Bolton, SLACS Team][NASA, ESA; Richard, Kneib]
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Dwarf galaxies

Core_cusp prob|em: [Moore, '94][Flores, Primack, '94]
DM density profile: core <> cusp (cold, collisionless dark matter)
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Adapted from: [Tulin, Yu, '17]
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Self-interacting dark matter (SIDM)

CDM = cold, collisionless dark matter

SIDM = cold, collisional dark matter [Spergel, Steinhardt, '99]
— DM particles self-interact T ]
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O/m ~ 1 cm /g ~ 2 barnS/GeV Adapted from: [Tulin, Yu, '17]
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Clusters

Mergers Relaxed systems

[NASA/CXC; Weiss] [NASA,ESA: Richard, Kneib]

Bullet cluster: [Randall et al., '07]

o/m < 1.25cm?/g (68% CL) — Much stronger bounds!
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Observational

data




DM halos as particle colliders

Dwarf  MW-sized Galaxy Galaxy
galaxies  galaxies groups clusters

<10° My 102 M, 10 Mg 10%° Mg
30 km/s 50 km/s 1000 km /s 1500 km/s



DM halos as particle colliders

Dwarf  MW-sized Galaxy Galaxy
galaxies  galaxies groups clusters

<109 My 102 Mo 10M M, 10" M
30 km/s 50 km/s 1000 km /s 1500 km/s



o/m (cm’ /g)

DM halos as particle colliders

Particle physics: Galaxy Galaxy
groups clusters

o/m is velocity-dependent

— Example:

“nucleon self-interactions’

100

o [Tulin, Yu, '17]
?E: np—np elastic scattering
| N 1000 km/s 1500 km/s
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Observational data

Data from 15 relaxed systems: Galaxy Galaxy
groups clusters

* 8 galaxy groups
[Newman, Ellis, Treu, '15]

e 7 galaxy clusters

[Newman et al. ‘12]
[Newman, Ellis, Treu, '12]

— For the first time: probe 10 M, 1015 M,
SIDM at group scales! 1000 km /s 1500 km /s



Observational data

8 galaxy groups:

[ESA/Hubble, NASA]



Observational data

8 galaxy groups:

" Stellar
kinematics

[ESA/Hubble, NASA]



8 galaxy groups:

[ESA/Hubble, NASA]

Observational data

Strong lensing
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8 galaxy groups:

[ESA/Hubble, NASA]
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Observational data

8 galaxy groups: 7 galaxy clusters:

Abell 2067 |

Strong lensing

Stel1§r ’

kinematics

[ESA/Hubble, NASA| Adapted from: [ESA/Hubble, NASA, J. Kneib ]



Observational data

8 galaxy groups: 7 galaxy clusters:

Abell 2067 |

Strong lensing

Stel1§r ’

kinematics

[ESA/Hubble, NASA| Adapted from: [ESA/Hubble, NASA, J. Kneib ]



Observational data

8 galaxy groups: 7 galaxy clusters:

Abell 2067 |

Strong lensing

Stel1§r ’

kinematics

[ESA/Hubble, NASA| Adapted from: [ESA/Hubble, NASA, J. Kneib ]



Observational data

8 galaxy groups: 7 galaxy clusters:

Abell 2067 |

Strong lensing

Stel1§r ’

kinematics

[ESA/Hubble, NASA| Adapted from: [ESA/Hubble, NASA, J. Kneib ]

—> QObservables at different radii



Observational data

8 galaxy groups: 7 galaxy clusters:

Abell 2067 |

Strong lensing

Stel1§r ’

kinematics

[ESA/Hubble, NASA| Adapted from: [ESA/Hubble, NASA, J. Kneib ]

— Reconstruct full DM halo density profile



Jeans

model



Jeans model

SIDM halo density profile:

Ncoll > 1 Ncoll <1

\ psiom (1) = {Piso("“)a r<rp

pou(7)

pcom(T), m > 1

r
AtTll

Neon = 1
[Rocha et al., '12][Kaplinghat et al.,'13][Kaplinghat, Tulin, Yu, '15]



Jeans model

SIDM halo density profile:

Ncoll > 1 Ncoll <1

pi\(ﬂ
pcom(T) L o
psipM () = {pISO( ), <7

pcom(r), r > 11

A

NFW profile (CDM)

r
At 7y [Navarro, Frenk, White, '96]

Neon = 1
[Rocha et al., '12][Kaplinghat et al.,'13][Kaplinghat, Tulin, Yu, '15]

pou(7)
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Jeans model

SIDM halo density profile:

Isothermal profile

from Jeans equation

Piso(’f'), r<<nr

Ncoll > 1 Ncoll < 1
’[" p—
psiom(7) {pCDM(T), r>r

Piso(T)
\ pCDM(T)
NFW profile (CDM)

r
At 7y [Navarro, Frenk, White, '96]

Neon = 1
[Rocha et al., '12][Kaplinghat et al.,'13][Kaplinghat, Tulin, Yu, '15]

pou(7)
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Fitting procedure

Free DM density profile Predictions for
parameters with Jeans model observables < data
SIDM ———
/) —— SIDM
Mao00, €200, '
(ov)/m, =
£

— Cross section o/m for every system
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Cross section



Cross section o/m

Probability distribution:

CSWAG
— SIDM

CSWA141
—— SIDM
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Cross section bound

— Joint probability distribution:

Groups
— SIDM
-------- Median

63% CL

0.00 0.25 0.50

o/m=0.36"

0.75 1.00 1.25 1.50 |
o/m (cm?*/g)

032 em® /g (68% CL)
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Cross section bound

— Joint probability distribution:

Groups Clusters
— SIDM — SIDM
-------- Median seeeeees Median

63% CL 68% CL

0.00 025  0.50 0.75 1.00 1.25 1.50  0.00 0.25 0.50 0.75 1.00 1.25 1.50
o/m (cm?*/g) o/m (cm?*/g)

o/m = 0.36 7072 cm? /g (68% CL) o/m = 0.1310:0% cm? /g (68% CL)

1Z



Cross section bound

— Joint probability distribution:

Groups Clusters
— SIDM — SIDM
-------- Median seeeeees Median

63% CL 68% CL

0.00 025  0.50 0.75 1.00 1.25 1.50  0.00 0.25 0.50 0.75 1.00 1.25 1.50
o/m (cm?*/g) o/m (cm?*/g)

o/m = 0.36 7072 cm? /g (68% CL) o/m = 0.1310:0% cm? /g (68% CL)
— o/m is velocity-dependent!
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(ov)/m (cm?/g x km/s)
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(ov)/m (cm?/g x km/s)

Velocity-dependent cross section
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[Kaplinghat, Tulin, Yu, '15]
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(ov)/m (em?/g x km/s)

Implications for particle physics

10000
Dwarfs
[#] LSBs
] IE Groups
1000 & Clusters

Dark photon
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DM mass: 15 GeV, dark photon mass: 17 MeV

[Kaplinghat, Tulin, Yu, '15]
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Conclusions

Motivation:
Astrophysical probes: powerful tool to explore particle physics of DM
— DM halos as particle colliders

— Groups + clusters: new energy window into self-interactions!

Results:
* Strong bounds on self-interaction cross section
* Needs to be velocity dependent

— |Important for DM model building!
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Thank you for your attention!
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Cold collisionless dark matter (CDM):

Success on large scales

Cosmic Microwave Background Large-scale structure

[ESA/NASA, Planck/WMAP] [www.sdss.org/science]




8 galaxy groups

0 OF v [k s71]

Observables: [Newman, Ellis, Treu, '15]
Stellar kinematics: Strong lensing: Kinematic of member
Line-of-sight velocity Mean galaxies:
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Observables:

Stellar kinematics:
Line-of-sight velocity

dispersion o,

— 500f A2537
)
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200}
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7 galaxy clusters

[Newman et al. ‘12][Newman, Ellis, Treu, "12]

Theoretical relations (z=0.25)
Duffy+ 2008 (relaxed clusters) ’

N MS2137

N W + A963
~. ~ 0 A383
< N O AB11

A2537
v A2667
A A2390

—-—-- Prada+ 2012
— - — Zhao+ 2009

| Observed relations

— — — Schmidt & Allen 2007 (X-ray)
———————— Okabe+ 2010 (weak lensing)
— — Oguri+ 2?12 (strong+weak Ienﬁing)

14.0

14.5 15.0

Virial mass log My, [ Mg ]

15.5

Strong + weak
lensing:

Total

enclosed mass

M., (100 kpc),

virial mass
My,

2 2 2 2 2
— X = Xorlos + XMtot(lOO kpc) + XM2()O + XT,



Jeans model

Ny > 1 Ny < 1 Rate equation:
Ncoll
" tage = 1
E \ age
E
SN ov
pSIDM(T’l) <m> ' tage =1
— Solve for r,
.
At 7 : — Depends on o/m
Neon =1

[Rocha et al., '12][Kaplinghat et al.,'13][Kaplinghat, Tulin, Yu, '15]
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Jeans model

SIDM-plus-baryons simulation: ¢/m =1 cm?/g

[Robertson et al. ‘18]

— Jeans model predicts SIDM density profiles remarkably well

mﬁf ‘\e CE_OS —_— g{]})}h\l{+hal1‘}'0115 total
N SIDM 7T SibMony
] Q@ ) —— SIDM analytical
5] N SIDM

10 D 9'6\\ "

* stars
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].U!—E
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Fitting procedure

Free DM density profile Predictions for

parameters with Jeans model observables < data

SIDI\/I+AC/>

Ma00, €200, |
(o) /m,
AC, ...

ﬁmlf?“,
]
i3
i

— Cross section o/m for every system



Fitting procedure

Free DM density profile Predictions for

parameters  with M observables < data

CDM+AC
/) — CDM

. —— SIDM
Mbsoo, C200, | T~ - \C
= —===. N
=N
AC, ...

— Cross section o/m for every system



Test fitting procedure

SIDM-plus-baryons simulation: /m = 1 cm?/g
[Robertson et al. ‘18]

— Mock observations for different lines-of-sight:

CE-05 stars CE-05 SIDM

-~




Test fitting procedure

SIDM-plus-baryons simulation: o/m =1 cm?/g
[Robertson et al. ‘18]

— Fit results:

—— 0 deg
45 deg
—— 90 deg

o/m (cm?/g)



Baryonic effects

- S : g
But it's clearly all

baryons, as shown in
1702.xxxxx!

/§ut baryons cleaﬁ
cannot do it, see

1702.yyyyy! s

e

[Credit: Kai Schmidt-Hoberg]



Baryonic effects

Baryonic infall and cooling [Blumenthal et al., '86][Gnedin et al., '04]

. : : Gnedin et al., '11
— Adiabatic contractions of DM halo | |

— Steepens profile in inner region
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Velocity-dependent cross section
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Cross section

* |If cross section is constant in velocity:

o 1 (ov)
m  (v) m

* Mean relative velocity for scattering:

(v) = doo/ V7



Groups

CSWAG CSWAT
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Groups
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Clusters

MS2137 A963
— SIDM — SIDM
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Clusters

A2537 A2667
—— SIDM —— SIDM
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[Kaplinghat, Tulin, Yu, "15]



