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“*“mass discrepancy problem” in galaxies and cosmology has been around
since ~1930 (Oort 1932 and Zwicky 1933).

— e —— = . — ___________ __

|

I | |

- T + Babcock (1939) J

400 + + van de Hulst et al. (1958) _ |
* * Rubin & Ford (1970)

* Roberts & Whitehurst (1975) _

Carignan et al. (2006) 1 S

1 » dark matter entered mainstream| |

11 researchin ~1970 when |

~ observations revealed that A

- , galaxy rotation curves remain flat| |
l

v
-
-

200

at large galactocentric distances 4

| (van de Hulst +1957, Freeman |
M31 rotation data | 1970, Rubin & Ford 1970) |

— exp. disk (Freeman 1970) 4 1 | t
| _ I — }

N e R -
100 150 |

rotation velocity (km/s)

|
sma+ radius (arcmin)




Dark Mé‘ttéf Cantlidates
Early work

e suggestions as to the identity of the unseen matter include massive neutrinos
(Cowsik & McClelland 1972), faint stars (Ostriker, Peebles & Yahil 1974), black
holes (Iruran & Cameron 19/71), and comets ([ insley & Cameron 1974).
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ACDM
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Core - cusp problem- :
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COre‘-c'usp' problem: solutions in NCDM~

Zbaryonic processes to the rescue: stellar feedback, AGN feedback,
central stellar bar, infalling clumps

Zrapid potential fluctuations

 dark matter density

Freundlich+21




Core-cusp problem- solutions
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Diversity of Rotation Curves problem: ~ ".
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Diversity of Rotation Curves: solutions in ACDM:

?baryonic processes to the rescue
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How to test this observatlonallu"
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How to test this-observationally?
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Using 1‘D, metheds for disk-halo decomposition:

" Tilted ring method (e.g. Rogstad, Lockhart & Wright 1974, Schoenmakers 1999, Simon et al. 2003, !
Krajnovic et al. 2006, Spekkens & Sellwood 2007; Sellwood & Sanchez 2010, Di Teodoro et al. 2015): t«
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B At z=1' « hard » ? There are only 3 options:

- —— S 1. Using deep observations (10h-40h exposure times)
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Using 3D‘f9|"ward hiodellingfor’ disk—hglo decomposition

= | GalPaX

gualaxy parameters and Kinematics
Boucheé et al. 2015
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Using 3D forward modelling for disk-halo decomposition
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Using 3D forward modelling for disk-halo decomposition
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Using 3D forward modelling for disk-halo decomposition
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Using 3D forward modelling for disk-halo decomposition

[? a) Mock Data / MUSE data b) 3D model c) intrinsic v(r)  d) Traditional Vmap
gy Golea = o
galaxy parameters and Kinematics - - v | N = o o 2
) - B 4 500w-3 = 1 - .'l'..
Bouche et al. 2015 -
200} ' -
,,,,,, = 100} Trde -
'_-3 of. e Lt
¥ _100] gbs
3D model o

: re osa-of-the-rt:

+ 3D method (vs. 1D) ‘




Using 3D forward modelling for disk-halo decomposition
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Using 3D forward modelling for disk-halo decomposition
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| giving us thousands of degrees of freedom «

- _ __ I —— e — —




Using 3D forward modelling: Under the hood

% ga[Q ax Bouche et al. 2015

gulaxy parameters and Kinematics

R A R
NGC3198:R1_2=5.209000,

. 2% 2 2 2
Mhal=11.950000,cnfw=4.000000,Mstar=10.400000,sigg=5.0000QQ«**" -yc(r ) = VDM(F) + vdisk(r) + vHI(r)
““ * *

° s ¥, an®
150 - o’ .‘.QL‘fTTTQQC..zFﬂL_
125 -
100 -
©
E
c 75 -
E J——
>
50 -
25 - - vbar
— ydm
0 - — Vgas
- \ytot

0 10 20 30 40 50
rin kpc




Using 3D forward modelling: Under the hood

% ga[Q ax Bouche et al. 2015

galaxy parameters and Kinematics
2
NGC3198:R1 2=5.209000, 7 o o)
Mhal=11.950000,cnfw=4.000000,Mstar=10.400000,sigg=5.00000Q«**" vdisk(r) + VHI(F)
a=1*
® S N . I
150 - ‘ @ o000 eeegseettte > L L
125 -
100 -
3
e 75-
T _
>
50 -
237 ——— vbar
—— vdm
0 - — Vgas
—— vtot
0 10 20 30 40 50

rin kpc




Using 3D forward modelling: Under the hood

% ga[Q ax Bouche et al. 2015

gulaxy parameters and Kinematics

NGC3198:R1 2=5.209000, Y
Mhal=11.950000,cnfw=4.000000,Mstar=10.400000,sigg=5.00000Qs=**"
‘,r“

isk(r ) A VhI(7)

%0000 4" | TR s
125 -
100 S
a
E
e P
E g
>
50 -
e — vbar
— vdm
07 —— vgas
- \tot

0 10 20 30 40 50
rin kpc




Usmg 3D forward m.odellmg Under the hood

y ga[Q ax Bouche et al. 2015

galaxy parameters and Kinematics

NGC3198:R1 2=5.209000, B 2%

{) P ‘l'_/ 2 }\v
Mhal=11.950000,cnfw=4.000000,Mstar=10.400000,sigg=5.0000QQ+*** Vaisk (1) Hy (1)~ )

i_r,.‘-l————' N
lp [ . BBttt
150 - ‘ 000 9 0ege000® ®é R

125 -
100 -
i
£
= 75 -
I
>
50
237 — ybar
— vdm
0 - — Vvgas
- \tot
0 10 20 30 40 50

rin kpc




Using 3D forward m.odellmg

Under the hood

% ga[? ax Bouche et al. 2015

gulaxy parameters and Kinematics

NGC3198:R1_2=5.209000,
Mhal=11.950000,cnfw=4.000000,Mstar=10.400000,sigg=5.00000Qs=**"
+1°

1) DM dlfferent Dark Mtter den3|ty
proflles

== — = —_— _—_ —

- -
o o090 L . o LR
150 - ' ° X LEX 4 I
125 1
100 -
i
E
c 75 -
E .
>
50
25 - -
— vdm
) — Vgas
- vtot

30 40 50

rin kpc

10 20

v
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Examplés, of Halo profilgs - from N-body simulati.ons'

Co00 = 7“200/7“3

log (p/po)

Navarro, Frenk, White 1997

Density profiles

1075 | A

10° —
10°
104
10°

102 |

IRRN | T | T T

— NEF'W profile
- == Einasto (o = 0.15)




Exai;npleé of Halo .pfofiles - from hydrodyna’mical- simulations

Mhalo/Mstar
0 10000 1000 100 10
S [ | I
ppcia(r) =
a\(B-y)/a
() (1+(2)) A A . ‘ obf
rs rs —_ e :_. ........... A
g W e @ P
a =294 — log[(10X+2.33)—1.08 + (10X+2.33)2.29], S 2 —
E [ | ",'A
2 " @7
B =423+ 1.34X + 0.26X>, S 15 °® ‘ =
A N
. ,,,,,,,,,,,,,,, ’Q
y = —0.06 + log[(10X+2.56)—0.68 + 10X+2.56]. 0 [ 1 1 1 1 1
-40 -35 -30 25 20 -15 -1.0
X — log(M* /Mhalo) log(Mstar/Mhalo)
Di Cintio et al. 2014

=takes into account the |
matter to baryonic processes




Examples of Halo proflles f;om hydrodynamlcal S|mulat|ons

nf" L (r)(1 = (1)) _coreNFW fits
peNEw = [ (r)PNEw + - MNrFw
Irer,
where
f"(r) = tanh(r/r.)" 2
Read et al. 2016 i%)
O,
=105 [— 1cw — —
= = 4Gyr — —
S 105 — 8Gyf‘ . 109 — ?J:GC\il : 109| — ffgil
199=2 ‘ 10—:1 10" 192 107! :: 107 199=2 107! ::100
r(kpc) r(kpc) r(kpc)
‘=captures the dark matter core growth as a

| function of star formation time ‘




Examﬁles--of'{?lalo p_r'ofilés - many more

= Einasto (Navarro et al. 2004)

= Burkert Profile (Burkert 1995)

=Moore Profile (Moore et al. 1999)
'=|sothermal Profile (Binney & Tremaine 1987)
'=Hernquist Profile (Hernquist 1990)

= Zhao Profile (Zhao 1996)

|mDekel-Zhao Profile (Freundlich et al. 2020)
=cNFW Profile(Penarrubia et al. 2012)

10—4_

Isothermal |

= coreEinasto Profile (Lazar et al. 2020)
etc

0.001

Boshkaye +2020

— Exp. Sphere
| — Einasto
\\ — Burkert

“’“‘\ — NFW
\ — Moore
0.100 10 1000
r/ro




Using 3D forward modelling: Under the hood

% ga[? ax Bouche et al. 2015

gulaxy parameters and Kinematics
R A R
NGC3198:R1 2=5.209000, .
Mhal=11.950000,cnfw=4.000000,Mstar=10.400000,sigg=5.0000‘QQ-"‘ "VC
““r“ 0.. an® > e N ‘
150 - bl LA LTSSy T L i e
_1)-DM: different Dark Matter halo

|

100 - | .
. N ;profllei f -
: 2) Disk: I(r) - Freeman Disk; Sersic

25 - — Vbar t n (I Ia

0 - — Vvgas
— yitot

0 10 20 30 40 50
rin kpc




Usmg 3D forward m.odellmg Unde.r the hood

% ga[? ax Bouche et al. 2015

gulaxy parameters and Kinematics

NGC3198:R1_2=5.209000, . e/
Mhal=11.950000,cnfw=4.000000,Mstar= 10400000:S|gg=5OOOO‘QQ-“‘
“r“

5o - | ® %000 .W. so e i_r.-‘-‘—‘—:— s BB e,

1) DM i rent Dark Matter halo
W L0} | es
£ 75 -
- 2) Disk: I(r): Sersic n (Oll,Ha);

- Freeman Disk

o- — gl :
— 3) gas HI gas (margmallzed) |

rin kpc




Usmg 3D forward m.odellmg

Under the hood

% ga[f ax Bouche et al. 2015

gulaxy parameters and Kinematics

NGC3198:R1 2=5.209000,
Mhal=11.950000,cnfw=4.000000,Mstar=10.400000,sigg=5.000000

.“...'w..‘..

150 ~

125 ~

100 -

£
"E‘ 75 -
§=
§ -
50 -
25 — Vbar
— vdm
0 - — Vvgas
— Vitot

0 10 20 30 40 50
rin kpc

Vc(i” ) / )‘ '

1) DM dlfferent Dark Matter halo B |
proflles - | o |

2) Disk: I(r) Sersic n(OIIHa) |
}Freeman Disk

— 13 - 15 free parameters
(X,y,z,incl,PA,M+,M.ir,cvir,SIg0,Re,n,...)
— all optimised simultaneously directly
on the 3D IFU cube




Validation of the méﬂmdologw o

“Apply 3D disk-halo decomposition on mock observations

MUSE mock ID3 PV diagram
5 400 puuu———— T
- Observed 1500 b
- Galpak3D m -
1 200 --- S/N=1 ~ —
S <100
? / eﬁ E ith ADC
~ f A4 -==- Vcjrc WIt
5 |
. S = 50
- —200 Q >
2
—2 —400 0
-2 0 2 =20 0 20 20 —-2.0-1.5 100150 10 20 60 70
ox (") 6x (kpc) log(M../Mhaio)  Vvir [km/s] Cuir incl. [deg.’
Observed Vmap Galpak3D Vmap 9 g
2 | —— measured ppuy
. o 2 X Re
IlOO o —— true ppm
S8 |
o T3
€ Q
— O
o 7
I—lOO _
2 6
6x (") 6x (") 0 1 1 2 250 275 05 10 9 10 11

log(r) [kpc] a B 1 log(M * /M)




Validation of the méthodologw; o

“Apply 3D disk-halo decomposition on mock observations (using DC14 halo profile)

MUSE mock ID3 PV diagram
5 400 pu——
- Observed 1500 b
— Galpak3D i~ -
1 200 —— sn=1 N2 r—=
S =100
= /. ~) & .
; 0 0 F - .ﬁ -=== Ve With ADC
7 ' Is —~
. S = 50
- ~200 © >
S
—2 —400 0
-2 0 2 =20 0 20 20 —-2.0-1.5 100150 10 20 60 70
ox (") 6x (kpc) B log(M../Mhaio)  Vvir [km/s] Cuir incl. [deg.’
Observed Vmap Galpak3D Vmap 79 ;
2 O | o ;nea:ured oo "‘\a\‘
. X Re ‘
IlOO ~ —— true pow
L8 | )
, Z|E ;
£ls |
li @) /
-100 |= *
\ |
2 1‘ 6 5
6x (") 6x (") \ 0 1 1 2 250 275 05 1.0 9 10 11

a B 1% log(M « /M)




Validation of the méthodologw; o

“Apply 3D disk-halo decomposition on mock observations (

PV diagram

MUSE mock ID3

400
2 — observed 150 e —
- Galpak3D ) -
1 200 —— sn=1 B2 —
e <100
= y N S ith ADC
- ‘ 4 -=== Vcirc WIt
| % BE
1 S = 50
- —200 T >
2
) B 0
2 0 2 ~409% 0 20 -
ox (") 6x (kpc)
Observed Vmap Galpak3D Vmap 9 E
2 | —— measured ppuy
: e 2 X Re
I]-OO = — ftrue ppm
OX: |
o TG
€ 2
R @)
o 7
I—lOO —
2 6
ox () 6x (") 0 1

log(r) [kpc]

using DC14 halo profile)

e e )

—-2.0-1.5 100150 10 20 60 70
log(M./Mnaie) Vvir Lkm/s] Cvir Incl. [deg. |

2.50 2.75 05 1.0 9 10 11|
B 14 log(M » /M)

d




State-of-the-art (z=0): Read et al. 2019

»Dynamical modelling of 8 dwarf spheroidal and 8 dwarf irregular
galaxies

» Use NFW & coreNFW

"Investigate SFHs

,-—> Fineience ht glaxies whic fori sts vr l
6 Gyr ago show cusps, while those with more extended star ]
formation cores J

30_—!—|-|"|"'|'I'|'I'I'—I—|-!'|'HTI'I—|—!-H'FHH—_ -
B — o JGyrs > 6 |

i —3<tmmc/Gyrs<6:—
2.0_ — f JGyrs <3 1
- Oarr Ouasph HF
2.0F i

Density (M kpe™)

1D

Sculptor -

Density (Mg kpe ™)

Density (Mg kpe ™)

[a—
=
~|
LR

106 L1

Radius (kpc)

Radius (kpc)




State-of-the-art {z=0): SPARC sample - Li+2020 1D

*Rotation curve decomposition for 175 local galaxies (SPARC sample - Ha+HI)

*Model DM halo with: (1) NFW; (2) Di Cintio +2014 profile; (3) pseudo-isothermal; (4) Burkert;
(5) Einasto; (6)cored-NFW; and (7) Lucky13

Lo . ACDMIpriors |

coreNFW
Luckyl3
DC14
Einasto
NFW

0.8} —

=Find evidence that cored profiles,
. such as Burkert, coreNFW, DC14,
. Einasto, and plSO, provide better
| rotation curve fits than the cuspy ;
‘ NFW profile ;

0.6 |

CDF

0.4}

0.2}

j |
-Recover halo mass—concentration & ‘
T stellar mass—halo mass relatlons

-_/ i | | — e — - —




State-of-tl{e-alzt .(z~12): Genzelt+17, Nestor Shachar+202 1D
‘. . ‘ - .. . .

*Rotation curve decomposition for 100 z=0.6-2.5 massive galaxies (CO, Ha)

——— — Lo ® Rrcl1007-06-12 [ '@ Rcio0z=12-25710
- | ~ O Z~ 1 ~ z~17 |
‘=fraction of dark to total matter ‘ R e WELLS N - ThG1007o2
| decreases with z | 0.8 o /Tx%\lsosoo . HEE ws MAGNETICUM z =2 - 0.8
=DM deficit is more evident at high S T 706
| star formation rate surface densities < | _
| . . . | Q -
and galaxies with massive bulges ‘ =047 T 194
| | 0.2 '\-\0 0.2
1 | ot — . ? | i
e ——————— e ————————————————— = i \ i
- @O\ a9 -
0.0—.l....|.....|‘.?..|....|——|...............|—0.0
7 8 9 10 11 7 8 9 10 11

log Zbaryon(Re) (MQkpC_z) log zbaryon(Re) (M@kpc"z)




State-of-tl;e-alzt .(z~1g2): Genzelt17, Nestor Shachar+2023 1D
‘. . : 9 .. o .

*Rotation curve decomposition for 100 z=0.6-2.5 massive galaxies (CO, Ha)

| T T )
Adiabatic contraction -

1 T T T I T
— 1.0 @ RC100z=0.6-1.2

‘=fraction of dark to total matter - @ RE00z=12-23

decreases with z |

=DM deficit is more evident at high \\
star formation rate surface densities |
and galaxies with massive bulges ‘

fDM(Re)

|
=low DM fractions can be explained '

|

_with cored inner DM density

o _————

0.5 1.0 1.5
NFW inner slope




At z~1 MUSE Hubble Ultra Deep Fleld Survey Clocan, Bouche +2024

3 submltted

> Rotation curve decomposmon for 136 galaxies W|th 0.3<z<1.5and7< Iog(M «/Mo) < 11

»Model DM halos with: (1) NFW; (2) Di Cintio +2014 profile; (3)Burkert (Burkert 1995); (4) Dekel-Zhao
(Freundlich et al. 2020Db); (5) Einasto (Navarro et al. 2004); and (6) coreNFW (Read et al. 2016)

o
=

N
()

# galaxies

N
o

-

DC14 vs Burkert

DC14 vs Dekel-Zhao

DC14 vs Einasto

DC14 vs coreNFW

o)
©

DC14 vs NFW

| Strong DC14
Positive DC14
Inconclusive
Positive NFW

s Strong NFW

. A
6 -2 2 6

Alog(Z)

B Strong DC14
Positive DC14
Inconclusive
Positive Burkert

BN Strong Burkert

1
6 -2 2 6
Alog(2)

B Strong DC14
Positive DC14
Inconclusive
Positive Dekel-Zhao

B Strong Dekel-Zhao

6 -2 2 6
Alog(2)

B Strong DC14
Positive DC14
Inconclusive
Positive Einasto

B Strong Einasto

| -
6 -2 2 6
Alog(2)

—

->BayeS|an model comparlson D| Clntlo +2014 proflle represents the data better |

B Strong DC14
Positive DC14
Inconclusive
Positive coreNFW

B Strong coreNFW

6 -2 2 6
Alog(2)

ZyGelPaX

gulaxy parameters and Kinematics




At z~1 - MUSE Hubble Ultra Deep

>

log(M./My) from SED fitting

(-
(-

—
o

O

(00

I;ield ’Syrvey: Ciocan, Bouche +2024
” - iy .

Consistency checks for DC14

120
® regular
*  perturbed
---= 1:1 relation
100
80 =
N e -
¢ '=The kinematically inferred M* agree with the ones ,
0 9 " derived from photometry
40
20

7 8 9 10 11
log(M./My) from DC14

£y GolPaX

gulaxy parameters and Kinematics




At z~1 - MUSE Hubble Ultra Deep

I;ield ’Syrvey: Ciocan, Bouche +2024
” - iy .

> Dark matter inner slope vs offset
from star forming main sequence

120
1.50 ]
1.25 100

% sh orofiles |

1.00 | ;660/ sws coed dark mattesi prfls ;

80 = |
ol =No correlation between the dark matter inner slope )‘
0.75 - -
> . 2 | and the star formation activity of the sample «
v —_— e — ————
0.50 ta:)
Q
0.25 40
0.00

20

1.0 -05 00 05 10 15
Ays

£y GolPaX

gulaxy parameters and Kinematics




At z~1 - MUSE Hubble Ultra Deep Field Survey: Ciocan, Bouché 2024

- . .
» Stellar mass - halo mass relation

12 15
11
1.0
© 10 ‘=in agreement with the predictions ;*
< | from Behroozi+2019 and Girelli+2020 |
X e —— e ———
0.8 N
<
o 9
S,
, x ——— Behroozi et al. (2019) z=0.4
3 mmies Sy AN — 7=0.8 0.6
— 7=1.2
- Girelli et al. (2020) 0.2<z<0.5
- 0.5<z<0.8
- 0.8<z<1.1
7 1.1<z<1.5 0.4

SPARC, Li et al.(2020)

9 10 11 12 13 14 15
log(Mvir /M)

£y GolPaX

gulaxy parameters and Kinematics




At z~1 - MUSE Hubble Ultra Deep

I;ield 'Syrvey: Ciocan, Bouche
a . e @ .

» Concentration - halo mass relation

1.4

1.2

L0 min agreement with the ;
N | from Dutton et al. 2014, but with y

08 | }}
| larger scatter W
—— Dutton et al. (2014), z=0.3 0.6
—_— 7=0.7
z=1.1
z=1.5 0'4

9 10 11 12
log(Mvir /Mg )

£y GolPaX

gulaxy parameters and Kinematics




At z?;1 - MU‘SE quble Qitra Deep Field 'Syrvey: Ciocan, Bouché 2024

> Halo scale radius - density relation 5(';@[1:‘;1(
gulaxy parameters and Kinematics
1.4
1.2
1.0
N
0.8
——=- Di Paolo et al. (2019), LSB z=0 0.6
—== Kormendy & Freeman (2016), z=0
— [inear fit MHUDF, z~0.85
-—= Sharma et al. (2022) z~1 0.4

0.0 0.5 1.0 1.5
log(rs) [kpc]

— 1
m l->ant|correlat|on results from the expected scallng ]

(Djorgovski 1992) . relation of DM predicted by hierarchical clustering |




At z~1 - MUSE Hubble Ultra Deep Field Survey:

> Halo scale radius - density relation

1.4
1.2
1.0
N
0.8
——- Dij Paolo et al. (2019), LSB z=0 0.6
—-== Kormendy & Freeman (2016), z=0
— |inear fit MHUDF, z~0.85
-== Sharma et al. (2022) z~1 0-4

0.0 0.5 1.0 1.5
log(rs) [kpc]

=evolution of halo characteristic ‘

predicted?

Diffmah
(Hearin+21)

Colossus
(Diemer+2018)

Cioca

o~
N
o

log(ps) (Mgh?/kpc?)

7.10;

L

n, Bouche +2024

£y GolPaX

NFW

o~
N
U

~
—
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. .§~
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\‘
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log(rs)
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galaxy parameters and Kinematics
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At z'?;1 - MUSE quble Qitra Deep I;ield 'Syrvey: Ciocan, Bouche

> Dark matter fraction - stellar
mass surface density relation

1.50 1.4
1.25:
1.2
1.00:
075 1.0 OO0/ £ b o Ia hoe Aarle
—~ ->89 /o of the sample has dark |
gcg 0.50- ~ | matter fractions larger than }‘
= 0.8 | 50% within Re ]
0.25- . I—
0.00- 0.6
----- Toy model from TFR ‘
—0.257 & Genzeletal. (2020), z=12 | 0.4
¢ Puglisi et al. (2023), z=1.5 ! '
—0.50 5 3 10

£y GolPaX

gulaxy parameters and Kinematics

log(Zy . )M © [kpc?]




At z~1 - MUSE Hubble Ultra Deep

> RAR relation

—8.01 — McGaugh+16
_8.5
. —9.0;
w —9.5
S
—~ —10.0-
>
S -10.5:
(@)
RS,
—11.0;
—11.5-
—12.0-

~12

—

log(aror) [m s72]

- "

For cored galaxies

—8.0
8.5
—9.0
—9.5;
—10.0;
—10.5;
—11.0;
—11.5;
—12.0;

—— McGaugh+16

—12 -11 -10 -9 _g

log(apar) [M s~2]

{ —— McGaugh+16

—12 -11 -10 —9 _3
log(apar) [M 5_2]

I:ield 'Syrvey: Ciocan, Bouche +2024

work in
Progress
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0% 100%

Zy GalPaX

gulaxy parameters and Kinematics




(At z:~1 - MUSE H.ubble.U'ltra Deep‘F—ield Survey: Ciocan, Bouche +2024)

.
> RAR relation -predictions from FIRE-2 simulations (Mercado+24)

—S.0F ' - - . 0.10
—-==+ McGaugh + Lelli (2016)
| 1 Baryon-dominated —85H i
! inner profile
—9.0F i
—9.5pF - 0.08
T
£ —10.0F i
£-10.5F
o1}
Q
— —11.0F 0.06 .
$—
DM-dominated decreasing 1 &
core:':r:::itle —11.5F =
0.04
-0.02

expected in ACDM but notin MOND




Is.baryomc feedback the answer to the core cusp

|

- JGyrs > 6

w— 3 <t JGyrs <6

. N I /Gyrs<‘£
"
"
v
.
]
]
"

10~
M, | Moy

107

Read+2019

l09(0gm) (150 pc)

102

problem‘?

Observatlonally, cores have been detected up to 7.2
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Is.baryomc feedback the answer to the core cusp

problem'?

J— — — _ — j— —

‘ Observatlonally, cores have been detected up toz~2 \
1

R 4

w— 3 <t /Gyrs <6 9.5 Q

— f JGyrs <3 ‘Q _*.
Q. | : i % -
o 8.5 O i
LN ';ro& e I —9.0 &

vk = e L e LL -
< 80 'nfﬂ'“' v Need to link dark
= AR YR 'S —9.2 = o
S 7.5 4 'Té <) matter densities /
=t i —9.4 -
= iy inner slopes to the
— . ®
. T 9.6 star formation
; -9.8 histories
10- 10— 102 >
| 30 -25 -2.0 -15 -1.0 ~10.0
Read+2019 M, / Mo log(M./My;)




Core-cusﬁ prablem:_élternativg solutions

Y [I-S%Rvir]

0.5

0.0-

CORE

CUSP

2.0

’Og(M o /Mhalo)

-1.5

-1.0

= alternative models of dark J

|
|

> self-interacting dark matter
(Spergel +2000)

» axion-like fuzzy dark matter
(Hu+2000) |

|

> warm dark matter (Bode+2001)
N I ;




Diversity of Rotation Curves: alternative solutions

FIG. 1.
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Self Inte}a‘Cti,ng Dark Matter

=»the particles have a significant self-interaction cross section

A 0. No scattering \
0’ A No scattering - u ® .2
- ¢ 2
QL . Q
O | Self-scattering 2
>
5 Self-scattering
-
O
= . Mol R
O V2(R) G e};]( )
. > |
Radius Radius

l Self-mteractlons solve core-vs-cusp
 Particles get scattered out of dense halo l
| centers |

[_f,, e —— e —— e ——  ———— —— — — — ——— } _ —



Self Inte}a‘¢ti,ng Dark Matter

(M. pc ")

=»parameter governing the rate of DM
particle interactions is the cross section
per unit mass, o/my

Density
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Self,interécting Dark Matter and rotation curves: Ren +2018
‘. . . - . |

> Rotation curve decomposition for 135 local galaxies (SPARC sample - Ha+Hl)

. Constant ¢/m = 3 cm?/g
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™halos are ul_cnsitent with the Planck cosmology




Fuzzy da‘rlg.'m,a.tter: ‘

= Ultralight scalar field with
no self-interactions in the
non-relativistic limit

=suppresses structure
formation on small scales

=\wave nature leads to
guantum pressure,
preventing cusps

=form a Bose-Einstein
condensate soliton

Boldrini 2021




Fuzzy dark matter.and Rotation Curves. Khelashvili+23

Rotation curve decomposmon for 175 local galaxies (SPARC sample - Ha+HI)

*Model DM halo with (1) NFW; (2) coreNFW; (3) Burkert and (4) fuzzy DM

N galaxies
w S
o o
1 1

-
o
1

N
o
1

.‘FuzzyDI\/I preerred %
| by >50% of the sample

f s value for 5
the particle mass that |
| provides a good fit for {

FDM vs Burkert FDM vs coreNFW FDM vs NFW
40 - 60 -
30 A
40 A
20 A
20 -
10 -
__-_=| O__M O__—_a_
-2 -1 0 1 -2 -1 -2 -1 0 i}
b1 @ T @
)
] - l T () |
¢ ¥ ¢ o ¢ ? ¢
) @ 0 |
() D O ¢ ¢ O |
) () 6 (b._®® @ 1 ‘ @ i - 1
L __T<._> | ¢ |
B N F 0O AN HAMMAH MSHIFT A ODO O O HMIN OO T NDOD O NI IETENONONOCNGCN
E'_"komtDkDr\‘;‘>a')a')>q',mﬁ‘.’l\mOHNmmwwOHmQONHONONNI\OMNMMQ‘Q’
mmOc—lc—ic—ic—lwﬁH@&o&'\wwm(\HHOHI\NNﬁ'OI\I\I\QOSMQOHankawLDI\Q‘ﬁ'
O © OO0 00 R B R B BB NHIMT OO dod D W D LD W W OO NNNNNKERKNBANNJICI
OO0 000 w /N b b oA Lo O 56 QO 0O O O O O O O O O O O 0 0 o o o o oo A A0 O
A 806 A8 6 rh rh S O OO0 0000000000000V LVUULUO O
¥ Z2 2 00 0 0 000000 LLLLOLLOLLOLLOLOLOLOOLS S
DD D D D D D DS 0D 90D oD 0D 909 DS DS 9DO9OoD oD o oo

; aII gaIaX|es w




Warm Dark Matter

| | | T T TT7] | | | | I II | | | | I B ¢
o T :
. O L -1 _ _
=\\V\DM particles decouple when = logo(MLh "Mg)=9 =
they are still relativistic o | ~oPM .
= crase primordial fluctuations on o - :
subgalactic scales o — _ E
=reduce phase-space density S, I St 7 S NG E
resulting in the formation of cores = AN :
S = r~= 2.0kpc/h =
8 ;_ r.= 2.4kpc/h ‘
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Martino et al. 2020




Warm Dark Matter and Rotation Curyes: Kuzio de Naray+2010
‘. . . . . o |

~use rotation curves of 9 local low surface brightness galaxies

~test WDM, non-thermal WDM, and SIDM

" Problems for WDM:

r

| .
| mass for all galaxies
|

| =inferred r_core increase with halo |

| mass while predictions state the

| opposite

'=does not manage to solve core-
cusp problem with one particle
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M Disk-halo decomposition in 1D 10° f == NFW: High f + Mo =

CORENFW
| [ SIDM
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-similar BIC, chi2 values for CDM, L B

2z Answer is: Probably not?
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SIDM’ FDM’ etC Data coverage
108;

*Need high resolution data to resolve

central regions to discriminate N SN

between different DM models!
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Mancera Pina et al.(2024)
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P Probe larger samples (at z > 1): With more observational dtaf xert % f +

- instruments, we can extend rotation curve studies beyond the local Universe and explore W
the evolution of dark matter properties over cosmic time. *
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galaxy samples and compared against LCDM.




Outlook -

|

?Probe larger samples (at z > 1): With more observational data from next generatlon +

- instruments, we can extend rotation curve studies beyond the local Universe and explore W
the evolution of dark matter properties over cosmic time. *

zLink DM profiles to galaxy star formation histories: Combining star formation histories |

. and LCDM profiles will offer further insights into the connection between baryonic feedback |
and DM distribution. '

2 Test alternative DM models: SIDM, FDM, WDM etc models need to be tested for larger l
galaxy samples and compared against LCDM

|2>Need for simulations: High-resolution cosmological simulations that incorporate baryonic ]
| phyS|cs WI|| be Cru0|al to further testlng predlctlons of the alternatlve DM models
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' Thank you for your attention!.
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Usmg 3D forward m.odellmg Unde.r the hood
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ZyGelPaX

galaxy parameters and Kinematics ‘ VC(I”) — VDM(r) + lesk(r) + VHI(r) )
Bouche et al. 2015 -————————— =

—__ - o ——

41) DM dlfferent Dark Matter halo proflles
2) Disk: I(r): Sersic n (Oll,Ha); Freeman Disk
13) gas: Hl gas (marginalized) '
4) pressure support correction (asymmetric drift——>
) correctlon) '

I

i‘
fi
|

— 13 - 15 free parameters (Xx,y,z,incl,PA,M+, My, Cvir,5Ig0,Re,n,...)
— all optimised simultaneously directly on the 3D IFU cube




At z~1 - MUSE Hubble Ultra Deep Field Survey: Ciocan, Bouché ¥2024
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> Consistency checks for DC14
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