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“Missing Mass Problem”

+* Definitions of two accelerations:

Newton’s law Newton’s gravity
. __ GMy (<T)
Yobs = |_V(pobs| =7 Ibar = :;

* Asumming g,ps = Jpqr, Mass discrepnacy is expected.
“dark matter” is introduced to resolve the insufficient baryonic mass.
** What if g,,s # gpar? Acceleration discrepancy instead.
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MOND in Galaxy Clusters
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(Left) the Newtonian dynamical mass of clusters of galaxies within an observed

cutoff radius (r,,,) vs. the total observable mass in 93 X-ray-emitting clusters of galaxies
(White et al. 1997). The solid line corresponds to My, = M, (no discrepancy). (Right) the
MOND dynamical mass within r,,, vs. the total observable mass for the same X-ray-emitting

clusters. From Sanders (1999).
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Lensing RAR on
Cluster Scales?
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Ingredients in Galaxy Clusters

[ Cluster Lensing And Supernova survey with Hubble (CLASH)

[ Observational Mass (Lensing Mass) ~
B Strong & Weak-Lensing (Umetsu+ 2016) _ |l

] Baryonic Mass
B X-ray gas (Donahue+ 2014)
B Stellar mass (Chiu+ 2018)
B Brightest Cluster Galaxy (BCG; Cooke+ 2016)

CLASH CLUSTER SAMPLE
(Galactic Coordinates)
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Four Issues in CLASH RAR

Four Issues in RAR (Desmond 2017; Lelli+ 2017)
i. the acceleration scale g+=1.20x1019ms"?;

ii. the low-acceleration slope (0.5);

iii. the intrinsic tightness (< 0.11 dex);

iv. no correlations between residuals and other galaxy properties.

Four Issues in CLASH RAR (Tian+ 2020)
i. anew acceleration scale g:=(2.0+0.1)X10° ms™;
ii. the acceleration slope (0.5);

+2.9

iii. lognormal intrinsic scatter 14.7753%;
iv. a small correlation between residuals and radius.

6 June 2023
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Implication by the CLASH RAR

The CLASH RAR
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The MVDR on
BCG-Cluster Scales?
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BCG and galaxy cluster samples

J 29 galaxy clusters in the HIFLUGCS (Tian et al. 2021a, ApJ, 910, 56)
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Flat Velocity Dispersion Profiles
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Three examples of
HIFLUGCS clusters.

Upper panel: the spatial
distributions are relative to the
center point of the BCG.
Middle panel: the relative los
velocity (V,,) distribution is in

terms of the projected radius
relative to the BCG.

Lower panel: the los velocity
dispersion (o,,,) presents a flat
tail for each cluster.

Tian et al. (2021a), ApJ, 910, 56
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Identifying BCGs in MaNGA
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Flat Velocity Dispersion Profiles
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Mass—Velocity Dispersion Relation in MaNGA Brightest Cluster Galaxies

Yong Tiqtl' . Han Cheng', Stacy S. McGaugh”©, Chung-Ming Ko’ and Yun-Hsin Hsu'

The MVDR of both BCGs and
clusters. Left panel: the blue
circles represent 54 MaNGA
BCGs while the orange circles
indicate 29 HIFLUGCS clusters in
Tian et al. (2021a). Right panel:
triangle diagrams of the
regression parameters. Black
contours represent 1o and 20
confidence regions.

Tian et al. (2021b), ApJL, 917, L24
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Dynamical RAR on
BCG-Cluster Scales?
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The Implication by
Acceleration Scale
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Scale Lenth Implied by Acceleration Scale

o> o>
TT T:I:
ry =0%gy’ r, =0%gy’
Milgrom (1984), ApJ, 287,571 Tian et al. (2021b), ApJL, 917, L24

If o ranges in 100-200 km/s for ellipitcals and 200-300 km/s for BCGs,
we have different scale lenths for the flat tails.

ri~2.6 —10.7 kpc ri;~0.6 —1.5 kpc
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Remarks
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Remarks

1. Nearly flat velocity dispersion profiles have been observed in both MaNGA
Brightest Cluster Galaxies (BCGs) and HIFLUGCS clusters.

2. A distinct Radial Acceleration Relation (RAR), is represented as
Btot = /Bbar 8+ » With g, = (2.0 + 0.1)x10~?ms~2, is unveiled through
the data gathered from 50 MaNGA BCGs, 20 CLASH BCGs, and 20 CLASH
clusters with a tiny intrinsic scatter.

3. A Mass-Velocity Dispersion Relation, also known as a parallel Faber-

Jackson Relation, is demonstrated by 50 MaNGA BCGs and 29 HIFLUGCS
clusters. The relation aligns with the implications of the RAR on BCG-

cluster scales.




109(gobs)[Ms 2]

CLASH RAR & MVDR
-8.0 = 14! -y = 4x+3.0 (BFJR with gt)':'
— y=052338x - 4.182333 e © 29 HIFLUGCS Clusters @
—.— RAR (McGaugh et al. 16) yd s
------- line of unity //' ® 54 MaNGA BCGs
50 MaNGA BCGs (this work) v
—8.57 4 20 CLASH BCGs (Tian et al. 20) yd
64 CLASH Clusters data (Tian et al. 20) //’
—-9.0 13}
| e |
®©
=
el
—9.5 1 ——
g ©
S 2
S ,.
(@) ] A H
100 + g 12
/./' V)]
/./‘ E 30 T — :.
./’/. GE) g
/-/‘/ o 30
-1054 _~ L 20- + £
P a -: §
= 107 11
~11.0
.o’..x O T T T "' o . o —
-0.2 0.0 0.2 : # 2-0100 0.1 02 03
Residuals [DeX] '.' Residuals [Dex]
-11.5+ . . ; . . . S ; . .
-11.5 -11.0 -105 -100 -95 -90 -85  -8.0 2 25 3 3.5

09(Gbar)lms ™1 109(ies) tkms ™

6June 2023 Tian et al. (2020), ApJ, 896, 70 ; Tian et al. (2023) submitted to Ap)L Tian et al. (2021b), ApJL, 917, L24

29


https://ui.adsabs.harvard.edu/abs/2021ApJ...917L..24T/abstract
https://ui.adsabs.harvard.edu/abs/2020ApJ...896...70T/abstract

6 June 2023

30



|Og(gobs)[m5_2]

Residual Missing Mass

—8.0 —
— y=0.5273%1x - 4.18%313 7
—-— RAR (McGaugh et al. 16)
------- line of unity S
50 MaNGA BCGs (this work) yd
—8.51 4 20 CLASH BCGs (Tian et al. 20) <
64 CLASH Clusters data (Tian et al. 20)
~9.0 1
—9.5 4
~10.0
—10.5 -
~11.01
_115 T T T T T T
-11.5 -11.0 -10.5 -10.0 -9.5 -9.0 -8.5 -8.0

-2
6 June 2023 l09(gpar)[ms—]

15 { — y=120%88x 174733}
------- line of unity é
4 50 MaNGA BCGs (this work) ) ¢¢¢ .
4 20 CLASH BCGs (Tian et al. 20) v
4 64 CLASH Clusters data (Tian et al. 20) o8
‘e |
14 ¢ .
13-
12 -
11 -
10 A
10 11 12 13 14 15
Iog(Mbar)[Mo]

31




109(gobs)[Ms 2]

Residual Missing Mass

-8.0 .
— y=0.52+001x— 418731 e
—-— RAR (McGaugh et al. 16)
------- line of unity //
4 50 MaNGA BCGs (this work) /
—8.57 4 20 CLASH BCGs (Tian et al. 20) e
4 64 CLASH Clusters data (Tian et al. 20) //'
_90 4
_95 .
—10.0 1 +
e n
7 c 30 —
./‘/. w
/,/‘/ E
-1054 _~ L 20-
- >
= (%]
@ 10
=
—11.0 1
O T T T
-0.2 0.0 0.2
Residuals [Dex]
—11.5 + : . . ; ; .
-11.5 -11.0 -10.5 —-10.0 -9.5 -9.0 -8.5 -8.0

6 June 2023

log(gpar)[ms 2]

g
Bour 8 7 - ——

—_ e— gM,-""g T

The residual missing mass depends on baryonic
acceleration.

For examples,
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M./L Gradient

Table 1. Parameter values for M/L gradient strength (equation 2) driven by different assumg
about the IMF (fixed or variable) used in this study.

Model IMF-var. a ¢] Source

Fixed IMF No 0.39 1.00 Chabrier
SalpIN-ChabOUT Yes 1.29 3.33 Salpeter-Chabrier
vD17 Yes 2.33 6.00 van Dokkum et al.

Y.R) = Y. (1+a—-BRMR,) if R/R. < a/p,
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The enclosed total mass within the radius
in ACDM model is given by (Mo et al.

1998) A

My = ? (Apcrit)rAg

Where p,,-;;=3Hq%/8mG is the critical
density of the universe.

To relate the DM mass with velocity
dispersion, we consider the gravitational
potential traced by the velocity
dispersion as

GM, J'%c¢?

ri 0

Thus, we have

_ V2)3/4 o3
VAGH,

M

Tian et al. (2021a), ApJ, 910, 56
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The ACDM model in pressure supported
systems gives the dynamical MVDR as

3
MSOO X O_los

By adopting the cosmic baryon faction,
we have

fbar = Mbar/MSOO

Thus, ACDM model predicts different
slope comparing with the empirical

MVDR
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