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DM cosmolo

Supernova Cosmology Project
Suzuki, et al., Ap.J. (2011)

No Big
11Bang

Springel, Frenk & White,
Nature 06
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ACDM cosmology

@ Dark matter (DM) is a crucial ingredient image credit: KIAS

e

¢ constant co-moving energy censity
¢ only gravitational interactions sty
¢ cold + dissipation-less e

@ Neutrinos

Percent-level
Qcpyh? = 0.1188 +0.0010| measurements of a

] '
Ade+ [Planck Coll], A&A ‘6 Single parameter!

@ Heavy Elements

¢ DM into (in)visible energy?
¢ E.g. decays, late-time annihilation, coalescing PBHs, ...

()cpm decrease of possible during matter domination!
(model-independent; much more allowed during RD) TB, Kahlhoefer, Schmidt-Hoberg & Walia, PRD ‘18

@ Non-gravitational interactions!?

¢ DM — SM: strong constraints from
standard DM searches

v DM self-interactions T — many possible models ~~ ETHOS
¢ DM — dark radiation interactions e
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ACDM = the perfect success story?

Every party has
a pooper...

@ Measurements at high and low redshifts do
not seem to qUite agl"ee Ade+ [Planck coll.], A&A ‘14

-I CMB — (Fig from 1803.03644)
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| Health warning:

' DES is consistent

with CMB ...! ¥
Macaulay+, MNRAS 19 §

| see also Rameez & Sarkar, }

| 1911.06456 §

Direct measurements of
Hubble constant (HST)
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Small-scale problems ?

. Missing satellites? 2. Cusps or cores?

1000 p=— ! ! ] S rrreprrr e p et
. e e More satellites 1 Cuspy inner
é \\ ----- s |0 simulations ’ | density profiles
2 \ T of MW-like | predicted by
%E | galaxies than | | simulations not
EERR N observed b - | foundin (all)
3° eV Cpocr® observations
P .t S _3:.|....|....|....|....\‘
Moore etal,Ap|'99 ' “mass” Blok et aj.,ipj ’Ol_llog(rin?kpc) 1 °
,BeTo0 big to fail? o 4- Diversity problem?
ok 199 x102 01, | Most massive Real rotation
simulated sub- curves vary
= halos too s [FERmmmelf [FEFeuse] more than in
%20 dense to form i of——————t === simulations
? observed =] | == with(!)
brightest A B | baryons
et & S0 | dwarf galaxies 00+2 ml | )
0.1 0.3 0.6 1.0 Radius [kpd]
r [kpc] Oman+, MNRAS ‘I 5

) Boylan-Kolchin, Bullock & Kaplinghat, "1l
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Disclaimer

ETHOS does not

brimarily attempt to
address these issues!

(Nor claims that this would be necessary)

But being able to do so serves as possible
broof-of-principle that relevant
connected to non-gravitational,

can been identified. ..
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Generic dark sector models

SU(S)C x SU 2)L X U(l)y

eg. Liiggs O £|¢|°|0]7

¢ SM particles ¢ Dark matter
¢ , - : ¢ Dark radiation
9 A Portal typlca'”y Stl” ensures (‘sterile neutrinos’, ‘dark photons’, ...)

thermalisation at high temperatures
© Separate entropy conservation after decoupling ~~ 1 },oton % T ark

¥... needto treat .
consistently!

o : ! P(k) ¢ imprints on inner
'mprints on finear (sub-)halo structure
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From theory to observations

X X
>
V § L § task>

X < X

PartiCIG mOdel Cosmological astrophysical

simulations observables
input: input: input
:»:a::es’ spins, consistent initial (for interpretation of data):
coupling constants conditions, non- o.utput from
gravitational forces simulations

between “particles”

@ The first task can be
the second in addition computatlonally very expensive

@ But expect large degeneracies, so

¢ ldea of ETHOS: identify effective parameters and provide

maps for each of those steps (~~ no need to re-compute each model!)
Cyr-Racine+, PRD’ 1 6; Vogelsberger+, MNRAS ’16
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Details: Cyr-Racine+, PRD ‘16

Linear perturbations - setup

¢ Fundamentally, have to solve coupled Boltzmann equations:

d d
A = CX’~Y<—>X’~Y [fx, fDR], /DR — Cx7<—>x7 [fDR7 fx] T C’Y’W—WW [fDR]
d)\ d\

¢ rewrite as differential equations for DM density, and ‘temperature’:

B — d°p 7 77x _f) _ Mix d°p p’ (0)
x—nx/( )fx() X — ( ) ()E = /(2%)3771 fx ()

3n§<0) X
¢ keep terms up to first order in perturbatlons

@ Take advantage of various simplifications

¢ Neglect (subdominant) DR-DR iterations

¢ Assume DR close to EQ:  for(x,q,7) = fip(q,7)[1 + Opr(x, q, 7)]

¢ Momentum transfer in DM-DR scatterings must be small!

=
]

>
™

@ Derive hierarchy of Boltzmann moments
¢ Expand in Legendre polynomials: ©pr(k,¢,q,7) =Y (=)' (20 + 1) Fi(k,q,7)Pi(p)
t= 2p1(u 1)

[=0
> IMP
"IXTIDR e
s=m> +2p1m

¢ Integrate BEs on both sides with 525 /., duPi(p)

=Z2n+ 1) Po(f2)
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Linear perturbations - summary

Q (Ist order equations):
. . 6= (p—p)/p
DM: 0y + 0, — 30 =0, 0, =ik v,
: 2 2 . metric perturb.
HX o 5X + HHX — K w — [HX o HDR] o in ctonfcl:rmil i
‘ Newtonian gauge

Only way that

(non-gravitational) ¢ E T H o S’

DM physics enters !

_ Jdad fin(a, ) Fi(k,g,7)

pr,i(k,7)
k . . J dg ¢ fin(a.7)
DR: IIpr,; + Tl (I+ DIlpgr,i+1 —Ulpr,i—1) = (ukpr—DM + BiEDR—DR) IIDR
o~1Ilp 0 ~1I
~Y K}X ~U O
Q procedure:

T
@/

> )

states

e
¢ calculate ~,a; from A =3 / (AR PR < Details: Cyr-Racine+, PRD 16

t=2p*(a—1)
s:mi—|—2pmx

TIx"IDR

-4

T T, dT
¢ calculate ¢ = —= (1 — ) from —X = _oxT + Tor) (Tpr — T Details: TB, NJP °09,
X oom dr X -( )( 2 TB+,PRD’16
aka ‘momentum exchange rate’ y
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Linear perturbations - results

@ ETHOS comes with a dedicated Boltzmann solver:
https://bitbucket.org/franyancr/ethos_camb

¢ modified version of CAMB Lewis & Bridle, PRD ‘02

¢ Actual implementation based on phenomenological power-law ansatzes:
1+2\" (14 z)nrt
R~ En:an<1—|—z[)> Fheat Zd 1_|_ZD etc

. . 2 . ‘
¢ detailed examples for calculating an,dy from given model (|/\/l| ) Cyr-Racine+ PRD"16
+’ ¢

¢ Example spectra:

1004

10—24

10744

= 107,
&~

10784

10—104

107124

10° 10! 102
k [h/Mpd] k [h/Mpd] k [h/Mp]

(Physics very similar to CMB photons scattering on electrons around decoupling!)
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Self-interacting DM (SIDM)

Q D M - D M Spergel & Steinhardt, PRL ‘99

¢ do not affect linear perturbations (number densities!)

¢ but DM distribution in inner parts of halo:
=> core formation once O(1) scatters per dynamical time
URRRRY 100: T T T oo T T 3
SIDM ~ o — Szl(\fl o g 1 roughly
0.40 — 125{4 - — o—05em’g! 1 nNeeded for
5 — wu, i (—_o=1a’s' )| cusp/core
'; 0.35 .‘ 10°M,, | 10_15 e g =5 cm? g_l e
3 .i:: L o=10cm’ g! E
.% 0.30 | 2 R, TN = g=50cm’ g
T T D T
> T
S 0.25 — 1072 3
9
o + i,
_ 2 - (d\Il)vparf -size halo)
| JT/mX‘—lOcm /g
B 1o Q/aloo BT T T
Vogelsberger, Zavala & Loeb, MNRAS ‘|2 Radiuspe]  Elbert+, MNRAS ‘15

@ Simple analytic models to predict core radius from Osipm
¢ reproduce CDM simulation results for ,OX( )remarkably well Kaplinghat, Tulin & Yu, PRL*15

¢ but underlying (microphysics) assumptions not really satisfied Sokolenko+, JCAP ‘18

=> Use caution when applied to systems including baryons! &
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Velocity dependence

@ Massive mediators induce a

2
. —— + V| 9(r) = myv” P(r)
between DM particles. My
Resulting scattering cross section —————— ;
10’ Classicali Resonant iBorn o = / dQ(1 — cos 9)_?2
e 10 :"‘~~~:\[only for attractive potential] | i d
S R | I see e.g.Tulin,Yu & Zurek, PRD ‘I3
= ! ~ |
o 10 | | 4
S ’ | |
£ 001 | | )
N  mx=200 GeV (3 )
S 107>+ cy);le_z I A ) g o
v=10km/s | 3 & @
-8 " N | | ] v ® 3
0.001 0.01 0.1 1 E oo v
mg (GeV) (o1 )30 (o) (o7 )00
. . 10k Ly s
¢ Phenomenologically important:
o)
NE 0.100+
[not only for Yukawa potentials! %
Chu, Garcia-Cely & Murayama, PRL ’I9] § 0.001
g — ), = 0071, my =0.72MeV, m, =2.0 TeV
@ ETHOS implementation: 051 | oo o 1500
¢ sufficient to take average values

50 100 5001000

v [km/s]

510
for 3 characteristic velocities

¢ UiO ¢ University of Oslo (Torsten Bringmann) ETHOS: structure formation with non-gravitational DM interactions - |3



Implementation

@ Translate power spectrum to initial particle distribution

¢ use MUSIC code Hahn &Abel, MNRAS ‘||  [see also Dolag+, ’08]

@ Probabilistic method to account for elastic scattering
Vogelsberger, Zavala & Loeb, MNRAS ‘12

¢ isotropic scattering of m;
P S Pij = W(rij, hi) or(vi;)vij At

. ¢ . ’
macroscopic ‘particles m

. P ‘ P X ™~ smoothing function to weight
with mass my nearest neighbour highest

@ Cosmological simulation with m; ~ 10°M (¢ ~ 3kpc)
zoom-in of MW-like halos down to m; ~ 3 x 10* Mg, (¢ ~ 70 pc)

@ First ETHOS example:
¢ TeV-scale DM particle

¢ MeV-scale vector

¢ massless (sterile) neutrino-

like fermion {m,,my, 8y, &vs Ny Mos & }
van den Aarssen, TB & Pfrommer, PRL ’12 . S — § {(or)30 (01)220 (O7)1000
TB, Hasenkamp & Kersten, JCAP ‘14 tas PR K i T i
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Late kinetic decoupling

9@ Select four benchmarks: vogeisberger+ MNRAS 16

10" f i CDM ETHOS-1
10° .
10* i
—~~
=
£107 l
(5} 3
=]
[ ]
4 -3
107 & =
F|— cDM
C|--- WDM (a=0.01 h~' Mpc)
10* Ef -~ WDM (a=0.02 h™'Mpc)
[ WDM (a=0.04 h™ Mpc)
w0 ™
E|— M2
F|— M3
10°® | L |
10° 10! )
k [h Mpc ]

¢ Almost identical suppression of

halo mass function as for WDM
cosmology:

CDM

ETHOS-1
ETHOS-2
ETHOS-3

10° -

Tda \
100eV

[solid lines; NB: up to factor ~2 same as analytic estimate!]

Meut,xa = 5 - 10%° Tt Mg

Mdn/dlogM [h* 10"°M _Mpc ]

=

107 - -
18

—4 0.9 ]

11 (TM"WDM - ! S0 .

Mewe,wom = 10 ( Rt Mg 4 :

- - A

[dashed lines; would-be result from VDM free-streaming] 0 H 1Og[Ml/2(h—1 M;B)] H +
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Full parameter scan

llll L] LI lllll L] LI lllll ’_ e 4-’-:“‘_‘ ’.,;.._~,_. .'..\‘:‘ TB’ Edsja’
Dirac DM = Dﬁﬁlﬁ‘ ~ ..| Gondolo, Ullio

{ & Bergstrom,
: JCAP ‘I8

@ NEWY since vé6.1:
¢ SIDM

E>1forT-> oo

—
o
w
TTT]

; 4
2 - { ¢ Sommerfeld
— 102l _ .
g 10% 1 ¢ handle varying
f = Tdark/Tphoton
10" - coupling fixed by
: ] thermal relic density

S—-wave

(vector mediator)

AErEETIT 3 gl N ETIT
1073 1072 10" 0°
Mmed [GeV]

~ 0.1 ke

107°

0
de V10-‘|

address
missing
¢ satellites?
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Inner halo structure

Vogelsberger+, MNRAS’ [ 6

Q@ Closer look: can indeed address CDM abundance and structural

€ 9 . . R
problems ,in a particle framework:
50
10" 11.0 71 -
e 1010 p7IM B
71000
g 30
© [ -
=10° L =
S _ E
— [ ] =20
“10° 3 E S
%_‘9_' T j j ' L 1.0“:. T T T —TTTT .:
o 08 — 1-00—/_|\;
] e u////
[ i = e .85 —
B 3 " , ;
10 10° O T T T T T _
r/ 7200, crit r /rmo‘:m r [kpc]
central (sub)halo densities reduced most massive subhalos less dense
(— core/cusp) (— too-big-to-fail)

@ NB: Non-trivial interplay between modified power
spectrum and self-interactions

=> Details more complicated than the usual ‘need ~Icm?2/g’!

@ Also, this is still without baryonic physics...

[though dSphs highly DM dominated]
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Adding Baryons

@ Simplest picture: two competing effects

) t, )
Gas driven away Gas cools & Force returns to
strength...
tz '.. ey ., '
tj
tJ

......

Gravitational force
insufficient

Key:

Dark matter from centre flows back in original
/. .o

particle
O dark matter /\

. hot gas N ”
6 .| ...butis weaker at large
cold gas Dense, star- " | L distances, so the particle
forming gas vnéﬂa I:;ﬁ;ates cannot be pulled back
' to its old orbit.
. | |
Process can repeat. Analytic arguments and simulations | _
show effect accumulates with each episode. h
Pontzen & Governato, Nature ’ 14
Baugh, RPP ’06

Adiabatic contraction due to gas and DM heating due to
disk assembly supernova feedback

ﬁ increase decrease
of inner DM density of inner DM density

L Inl%/
&
B
\

@ may lead to core collapse ebert+, Ap i

Creasey+, MNRAS ’17
~+ A way to address the problem? e pri 17
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Re-ionization history

@ Lack of small halos should delay onset of structure formation
| i

<-1.0 -05 0.0 0.5 1.0<
10g(Terros/ Toom)

IGM gas
temperature

6.25 Mpc/h
—

Lovell+, MNRAS ‘18
¢ Hydrodynamical simulations: Indeed — but effect on

relonisation history is surprisingly small tsimitar to wom)

¢ Suppression of high-z, low-mass galaxies: maybe visible with JWST
¢ Brighter starbursts in these galaxies compensate effect on optical depth

@ Follow-up: halo collapse comparison on individual basis

¢ Virial masses of ETHOS halos are suppressed, but not stellar mass

¢ Promising way to test/constrain ETHOS: large populations of very old stars(z > 17)
Lovell,Vogelsberger & Zavala, MNRAS ‘19
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Imprint on Lyman alpha spectra

Bose+, MNRAS ‘19
¢ Need strong features in linear A?(k)
to survive in non-linear regime

= |
¢ use atomic DM benchmark (sDAO) 477
Kaplan+,JCAP 10 g b SDAO
Cyr-Racine & Sigurdson, PRD ‘I3 —4F ETHOS-4
[ —— WDM: 3.3 keV/
¢ galaxy formation model as in IllustrisTNG Y (it oS U ¥ | .
Marinacci+, MNRAS ’[8; ... —1 0 1 2

log [k/hcMpc™ ]

¢ DAO bump visible in ID Ly-x flux spectra only for 2z > 5

1.2 F 1.2 F
SN = 1.0 f
= 107 o ot
£ NB: bump at o8k
S 08 ~0.4 s/km set 3
E | by numerical E06F
206 F resolution! L [ z=54
o . o 04 _— sDAO

'_ L. —— WDM: 1.6 keV
0.4 _ 0.2 F —— ETHOS-4
1072 101
k [s/km]

=> In principle, this allows to disentangle WDM from sDAO!
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Qutlook ?

@ Goal: a fast and automated
map instead of running
expensive simulations!

effective
linear
Lo Zz=5 Kprobe = 500h/Mpc parameters
. f 1
\
] l 1.072
\
\
! 1.052
‘bQ I - 1.032
&, o |
( i 1 - 1.012
0.6~ Y / !
\
b - 0.992
\ ]
< % \ effective
0.4 2 - 0.972 nonlinear
: \
\ L 0.952 put parameters
i constraints
! 0.932
0.2 '3 \
\ 0.912
WDM \
: N A, \ 0.892
00— o , \
4x101 6x10!35kKeV 102 2x10%2 3x10°?

Kpeak [N/Mpc] Bohr+,‘soon'
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Conclusions

@ Cosmological observations are a fascinating, and
unique, tool to test ‘invisible’ dark sector interactions

@ Goal of : provide a for this

task 2

L:BSM task |

[for generic models with DM-DM

e e _ o N '
& DM-DR interactions] first (promising) steps: Stay tuned !

Thanks for your attention!
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