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Dark matter / mass discrepancy puzzle

 Dark Matter for astrophysicistsT:

* observational evidence for discrepancies
measured with different probes of the

gravitational potential (rotation curves, MOG e
gravitational lensing, hydrostatic
temperatures) ves  Moified Weak Little
ere Gravity Scale Higgs
 Dark Matter for (particle) physicistst:
. mergen impli Effective
* a new particle (and a vast parameters space) MOND Sy Mok | P
* "need" for DM comes from astronomical Macoscopic - Macros o Wil
observations (galaxies, clusters of galaxies,
lensign, CMB) pmorsl  MaGHOS Suertud o

 how can BlueMUSE investigate DM?

Image: Berton & Tait from here

T taken from Stacy McGaugh blog tritonstation
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https://tritonstation.com/2019/06/17/two-fields-divided-by-a-common-interest/
https://home.cern/news/series/lhc-physics-ten/breaking-new-ground-search-dark-matter

Rotation curves

van Albada et al. (1985)

* observational fact: S N L B B B LI I I I
. "{No baryons NGC 3198 ) NGC 3198
e rotation curve stays (nearly) constant sl ! h h
at large radii (far beyond the stellar - j o
body of the galaxy) E o ey ] -
5 -
. > 4
e Qort; Shostak; Bosma; Rubin... ) ; 1
e interpretation(s): o | ]
ol 1 N L1 ! L PR R B R S T I T T Y Y T T N L1 L1
» there is a certain amount of missing :'L'it'ﬂ;'D'M'!'"""""""'r
(unseen) mass 1
e gravity law should change Q
e if mass is missing 3
* how much (unseen) mass is there? “’°
° how is it diStribUted? o0 — l110l — l2I0l — l3I()l — l4I()l — l500 | LLJIIOI = ‘2]0. - l3IOl | Liﬁ)l = I50
Radius (kpc) Radius (kpc)
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 Fact 1 (large spatial scales):

* the amplitude of the rotation curve
depends on the galaxy mass (Tully
- Fisher relation)

 Fact 2 (small spatial scales):

* the steepness of the rotation curve
depends on the stellar surface
density (central density relation)

 Fact 3 (different mass scales):

* remarkable regularity of rotation
curves (once divided by mass)

* strong local baryon-DM coupling
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A few facts about rotation

Lelli et al. (2022)
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Rotation curves at high -

* flat rotational curves are not yet well
established for high-z

* with some (deep) exceptions

 samples of galaxies with DM estimates

are growing (e.g. Genzel et al. 2017, 2020, Lang et al.

2017, Tiley et al. 2018, Ubler et al. 2018, Rizzo et al. 2020,2021,
Price et al. 2021, Sharma et al. 2022, Bouche et al. 2022, Lelli et al.
2023, Puglisi et al. 2023, Roman-Oliviera et al. 2024)

* fraction of DM changes with stellar
mass (roughly as predicted)

 ALMA, NIR -IFU (Sinfoni), MUSE, ELT
(Harmoni, MOSAIC)

» waiting for SKA
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* DM content and properties

 as MUSE in medium + deep fields (e.g. Abril-
Melgarejo et al. (2021); Mercier et al. (2022, 2023),
Bouché et al. (2021, 2022)

e + angular momentum, TFR, environment, emission-
line properties...

* limited by spatial resolution (galaxies are small)
e targeting large scale kinematics (outer rotation curves)
e targeting galaxies with large discs
* (less?) limited by the obs time (galaxies are faint)
e emission-line kinematics
e (absorption-line kinematics)
* better spectral resolution
 MUSE o ~40 -65km/s
 BlueMUSE o ~ 30 - 45 km/s
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What could BlueMUSE target?
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Cusps or cores?

Ps
(r/r)(1 + r/r)?

pNFW(r) =
 what is the dark matter distribution '

3
Pol core

(r + }/‘COI"B)(’/‘2 + rczore)

* observations imply a strong link between
baryons and DM

e the (historic?) core problem? - /

* some galaxies have cusps, some have cores

Pu1) =

* pbased on the Vot shape: more massive galaxies
will have cusps, less massive will have cores

* the inner slope of the mass distributions

V. (kms™)

 double-power law: y (Jaffe 1983, Hernquist
1990, Zhao 1996)

* proposed solution (A\CDM) P = < (B—y)la
o stellar feedback (L)y (1 + (L)>

, DDO 126
@® D0DDO43
. — = NFW (cusp)
Burkert 1995 (core) |
I I I I
0 1 2 3 4
r (kpc)

Bullock & BoyIa”‘KOIChIBa(,%Qﬂ(anovié

Vs
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Feedback

« DM - baryon link through star formation feedback (e.g. Di Cintio et

al. 2014, Reed et al. 2016) Bullock & Boylan-Kolchin (2017)
* how "deep" the core will be, depends on the mass of formed T ' ' ' o
stars % NIHAO |
I
« energy from SN redistributes DM and creates core oop W FIRE2 * o
£ | s
e too few stars: not enough energy to move DM 3 * At - fn: 8
* Wk ¥ i |
* too many stars: excess central mass attracts DM (back) _ S ** * s |
* as long as there is SF, cores will form \ *a® :
i 7 7
e stochastic SF induced fast changes of gravitational potential: = * x * :
inducing gas to expand (outflow) and collapse (inflow) rapidly (e : @
T & =5
Pontzen & Governato 2012) --> transfer of energy to D @ LA
t
e peak core formation: | | | * :
20 | ® ., | " | * | S
+ 0.005 Myir or Ms ~ 108-9Msun A B Y -
e nefficient: , : , o : , = : , , :
20 T g -4 -3 -2 -1
* below Ms/Myir~10-4, or for Ms <108Msun (too few SN) log. o (M,/M, _,.)
* high stellar masses: it takes longer than the Hubble time to : : —
form a core galaxies with "original" DM cores:

- truncated SF

- small galaxies
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Julio et al. (2023)

Different DM flavours

1

- CDM

* afew DM possibilities - same as CDM on large scales, 16- § e
but diverge on small scales '

-
N
L

« CDM - collisionless Boltzmann equation

e WDM - Warm Dark Matter

* free streaming suppress small-scale fluctuations (and
keeps cusps)

=
o
L

co
1

Velocity dispersion (km/s)

(o)}
1

* FDM - "Fuzzy" DM (axion-like) ,.
e - ultra light bosons (10-22 eV) (Bose-Einstein 0 —————u '_'l-{;nmmw;u-ﬂ"-{gfs — - 4
Condensate) 10910 (r/kpc)

Zoutendiik et al. (2021)

 1kpc soliton cores , f ,
1011 : Hya | : Gru l
e SIDM - Scalar Field DM (or Self-Interacting DM) - 10 i i
A I |
e ultralight bosons (Bose-Einstein condensate) g 10° R |
o . I |__'"\
« self-interaction + repulsive self-interaction $ 1 i Q
107 w— CJAM cusp : |
» cores (kpc scale) caused by self interaction . gjg;w;f i i
E— i mm s gy ow o1 ———rr—a a1 a mleg g
1072 10°1 1072 10~1
r (kpc) r (kpc)
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Evolution of DM properties

Derkenne et al. (2023)

Redshift

0.01 0.09 0.18 0.27 0.39 0.52
U5 1 1 1 1 1 L
~:11- SLACS: Auger+2010 SLACS + BELLS: Bolton+2012 SLUGGS: Bellstedt+2018 m Frontier Fields: Derkenne+2021
" " " Y SLACS: Barnabe+2011 ¥ SL2S: Sonnenfeld+2013 I R.Li4+2018 Horizon AGN
* how do DM properties evolve ith time LAY paigolT  # MNGELADD 4 Ace
~1.0 4 Coma: Thomas+2011 Mangeticum: Remus+2017 MustrisTNG: Wang+2019
[ |
e DM fraction
-1.5
. ==
e total mass densitv slope ‘ |
—2.0 1R S f # L
. ‘ ¢
e gjze of cores
1Z r il B

* numerical simulations predict a change of total .,

density slopes due to merging, converging to | | ik e T Sharma et al. 2022
an Isothermal Sphel’e Value (eg Remus e-t al | This work: Individual RCs @ This work: Co-added RCs

2013)

e time evolution

y=2.1x?—-7.3x+6.6

e environment influence 21

* observational evidence suggest DM properties
(i.e. size of cores) change with redshift

1.8 19 20 21 22 23 24 25 26
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1.25

Cusps and SF ..

* theory: DM cores due to baryonic feedback 0.50
 star formation / AGN
* minor mergers (major mergers remake cusps)

 observations: cusps and cores rotation curves of —05 0.0 0.5
_ galaxies at z~1 5 MS
* |ocal dwarf galaxies (<10”’Msun; Read et al. 2019) based on MXDF Bouché et al. (2022)

140h

e truncated SF -- cusps —— (X) DC14
L. oW YSFR
 extended SF -- cores — high Sern
 star forming z~1 galaxies (logM~10° Msun) | 037 Cusp
e cores |

* linking the star formation history with core formation?
 complications with merger history and DM properties
 SFH depend on halo masses (Scholz-Diaz et al. 2023)

* investigating local sample of SF and quenched (dwarf) galaxies

—4 —3 —2 —1
1(_)(9’ ‘\ [* /;\ [\'il‘
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A ready sample - SPARC

175 disk galaxies with extended
HI rotation curves and 3.6 pm P : S
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population (beyond photometry)

w0 i ~ Lelietal (2022) ' 12 +
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Observing SPARC(s) with BlueMUSE
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mostly northern galaxies

e 20% accessible from
Paranal

nearby (unresolved stellar
pops)

e well suited for natural
seeing

range of sizes suitable for
BlueMUSE

relatively bright
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Erroz Ferrer et aI 2020, den Brok et al. 2021)

_NGC0289 (14,59) )

What to epect’?

 halo models are/can be derived

e is there a link with SF?

; Bg .
ggﬁ
—~GM/ohock 8:80 8.88 896 9.04 20 -1 10 -0.5
toeglul) _ 1ogl2srm /(Mo yr™ kpc™®)]

1.0Fr @ SPARC SPARC - I 0.25
SPARC DEC<15° 59 o /yr
* not really (for LSB) L G028, 3-3.58 Mot ;

: : _ LSB 1o,
quiescent galaxies with a 05} s =
range of slopes 07t 07} o P

 what about stellar ages and gl i | 4 £
s g 05 @ ‘ 05} @ 40.10
metallicities? .
0.4 . 0.4 .
* case for BlueMUSE - s |
0.3} % - ® SFR fron McGaugh
- : ® e@?i ot 2l 2019, MN, 482, 5106) . s A2 - I
general star fOrmathn h|3t0ry g s e %2 325-3.00-2.75 -2.50 -2.25 -2.00 }1.75 _1.50 _1.25
log (M. /Mpajo) log (M. /Mpaio) ¢

* how episodic was the star
formation??

1 NGC3521 (-155,155) | 1 NGC3521 (21 47)

mé‘w‘“

* evidence for past mergers?

< y 2
: i
[ — — ;l L o
23.04.2024 BlueMUSE Smence Meetlng 2024 SF AGN/shock 8.76 8.82 8.88 894 9.00 -1.5-1.2-0.9-0.6-0.33vor Krajnovic
12 + log(O/H) log[Zser / (Mo yr~t kpc=2)]




BlueMUSE targets

Oman et al. (2015)

100 | | | | | | | | 1 | |
* focus on galaxies with "unusual® HI rotation curves |
* are they unusual due to non-gravitational 80 v ]
processes (e.g. turbulence, non circular motions)? 60 + Y
e prototypes: Magellanic Clouds, 1C2574, UGC5721
DMO sims: LG-MR + EAGLE-HR, DMO sims: LG-MR + EAGLE-HR,
e SFH 20 = Vaux=89 kms™' +10% [113] i = Vaux=101km s~ +10% [73] !
Hydro sims: LG-MR + EAGLE-HR, Hydro sims: LG-MR + EAGLE-HR,
* inner rotation curves from emission-lines " Vawx=89 ks +10% [113] " Vanx=101km 5™ £10% [73]

e turbulence, noncircular motions (spectral
resolution)

UGC5721 162574

A LSBF583-1 e
+ DMO sims: LG-MR + EAGLE-HR, DMO sims: LG-MR + EAGLE-HR,
20 A - V. =88 km s~ +10% [120] . = V=80 kms™! +10% [149] |
Hydro sims: LG-MR + EAGLE-HR, || § Hydro sims: LG-MR + EAGLE-HR,
= V=88 km s~ +10% [120] je = Voax=80 km s~ +10% [149]

O 2 4 6 8 10 12 0 2 4 6 8 10 12 14

Radius [kpc|
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Conclusions

. . 70
e a sample of dwarf galaxies (<10° Msun) with well = o
N ] :40-
characterised rotation curves
ol | S | 20( |- R | i e—— | = ——
: : : oSl R O | Rmeese T 20 [Tl [ iesmiemn e
e star formation histories % 2 4 6 8 0% 2 & & 5 10§, eSS | R el
=100 —_— 40— =
S| 120} .5 80} '
. . . 100f
* inner rotation curves / density slopes (for local
40} 601 40} :
dwarfs) of CEmiEnlaf S g SR YT B
0 ' ’"f_ E. °I 0 . . WT Iﬂ I° ' 0 . I_VMT,:BB]::Ins“ illo%[lzlo] . I—Vm:,=801n:u-‘ :l:III.O%[14I9]
6o 2 4 6 8 10 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 0 2 4 6 8 10 12 14
Radius [kpc] Radius [kpc]

* relating cores/cusps with stellar properties
 differentiating between dark matter models
* testing the evolution of dark matter properties
e Synergies:

e MeerKAT, SKA

« ALMA

 ELT: MOSAIC, HARMONI
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Cusps or cores?

V...
45 | | | :"
40 |- #
35
30 -
—_ /
w 25F / R
. . . E / >
 only exist in case DM exis 5. / :
/ | | | ]
15—/ _ :
/
|
* the core problem? ol @ wou . ks I
II — = NFW (cusp) :* ** * * EE:
Srr Burkert 1995 (core) | N * : *** **y** . T;Q: .
: . *ak K L s
* and its proposed solution . | ; 3' L e, T e ,
7 i
r (kpc) * *** xr |
3 * * g x ¥ *** :
* T
15F * ** P E 2 NFW . *;** i i}
I | I * |
ol T | g
0 | 2 | 2E | |
| S | 23 | !
5 _15 | _|4 | _13 | _|2 _11 |
p(ra Pss s, aaﬁa 7) — Ps log,o (M./Mpic)

() (1+(2))" " |
23.04.2024 A & 4 Bullock & Boylan-Kolchjn, (2917)



