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Flat Rotation Curve
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Tight Relation in
the “Missing Mass”
Problem?
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Spitzer Photometry & Accurate Rotation Curves

(J SPARC: 175 spiral galaxies

(] Dynamical mass
= HI/Ha rotation curves

J Baryonic mass
= Gas mass (Hl gas)
= Stellar mass (NIR 3.6 um)

Spitzer Space Telescope
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RAR In
Elliptical Galaxies
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Halo acceleration relation
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Four Issues from
RAR
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A statistical investigation of the mass discrepancy-acceleration relation
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Four Issues:

(Desmond 2017; Lelli et al. 2017)

iv.

The physical origin of the acceleration
scale g+=1.20x10"1ms™;

The physical origin of the low-
acceleration slope (0.5);

The intrinsic tightness of the relation
(<0.11 dex);

The lack of correlations between
residuals and other galaxy properties.
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Figure 5. Residuals vs. baryonic mass (top left), effective radius (top right), effective surface brightness (bottom left), and global gas fraction (bottom right). Squares
and dashed lines show the mean and standard deviation of binned residuals, respectively. The vertical clumps of data are due © individual objects: cach galaxy
contributes with several points to the radial acceleration relation.
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Dynamics & Kinematics

- Dynamics Kinematics

Solar System Newton’s Law Kepler’s Law

Spirals RAR Tully-Fisher
Ellipticals RAR Faber-Jackson
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1. Galaxy formation processes in
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The residual missing mass

- v rei S in MOND in clusters:
T : ./ M,, : The baryonic mass estimated by MOND;

z M., : The baryonic mass by observation.

_éf 0.5 MOND is not enough for accounting the missing
_ 411 mass in galaxy cluster by a factor of two:
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RAR in
Galaxy Clusters
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Dark matter
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Ingredient in Galaxy Clusters

 Observational Mass (M_(<r))
B Strong & Weak-Lensing (Umetsu+ 2016)

 Baryonic Mass (M, (<r))
B X-ray gas (Donahue+ 2014)
B Stellar mass (Chiu+ 2018)
B BCG (Cooke+ 2016)
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The Cluster Lensing And Supernova survey
with Hubble (CLASH)

(1524-orbit Hubble Space Telescope (HST) Multi-Cycle
Treasury program

25 high-mass galaxy clusters with M , 2 4 x 104 Msun
25 high-temperature galaxy clusters with T, > 6 keV



CLASH Galaxy Clusters

+90°

Abell 1423

CLJ1226+3332
MACS1148+2223
MACS1423+2404 -
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(Galactic Coordinates)



Ingredient in Galaxy Clusters

 Observational Mass (M_(<r))
B Strong & Weak-Lensing (Umetsu+ 2016)
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Ingredient in Galaxy Clusters

 Baryonic Mass (M, (<r))
B X-ray gas (Donahue+ 2014)



Chandra X-ray images
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T

MACS 1720+3536 MACS 1931-2634 RXJ 2129+0005 MS-2137 RXJ 2248-4431
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Ingredient in Galaxy Clusters

 Baryonic Mass (M, (<r))

B Stellar mass (Chiu+ 2018)
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Baryon content in a sample of 91 galaxy clusters selected by the South
Pole Telescope at 0.2 <z < 1.25
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Ingredient in Galaxy Clusters

 Baryonic Mass (M, (<r))

B BCG (Cooke+ 2016)



Brightest Cluster Galaxy (BCG)

* Brightest cluster galaxy:
the brightest galaxy in a cluster of
galaxies .

» generally elliptical galaxies.

* the geometric and kinematical
center of their host galaxy
cluster;

e at the bottom of the cluster
potential well;

* coincident with the peak of the
cluster X-ray emission.

Abell 2262
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Table 1
Properties of BCGs in the CLASH sample
Name Redshift R.A. Decl. Band® n° R.° rd Matar Mgasf Mo

(J2000.0) (J2000.0) (kpe) (kpe) (10MtMgy  aottMgy oty
Abell 383 0.187 02:45:03.3%8 —03:31:4502 FIlLIOW 234 170009 143 445 178 £009 T7.55+£2.23
Abell 209 0.206 01:31:52.55 —13:36:40.50 FI25W 262 22,1 +£0.04 143 4.85 - 3BT £ 0.79
Abell 2261 0.224 T:22:2721 +432:07:57.62 FI25W 174 187 +£008 236 12.30 D48 £ 003 644 + 148
EX 12129740005 0.234 21:20:3995 400:05:21.17 FI125W 270 414+ 054 143 5.81 218 £ 007 665+ 1.9
Abellal ] 0.288 0%:00: 5682 +36:03:2363 FI25W 255 3040106 222 6.58 048 £003 624 4+ 1.8]
MS2137—-2353 0.313 21:40:15.16 —23:39:40.10 FI125W 235 |50+ 004 143 365 2944+ 007 3984 1.57
EX J2248.7—4431 0,348 22 :48 : 4397 —44:31:51.14 Fl40W 245 MS5+£020 303 8.09 Lol 003 619+ 2.16
MACS JI115940129 0.355 11:15:51.91 401:29:55.00 Fl40W 383 529+£093 162 3.00 580019 6254+ 1.53
MACS J1931.8—-2635 0.352 19:31:49.70 —26:34:32.22 Fl40W 349 3324038 143 692 147 £002 721 £2.90
EX J1532.94-3021] 0.362 15:32: 53,78 +30:20:50.43 FIl40W 28] 2184014 143 354 L1334+ 004 680418
MACS I1720.3+ 0.387 T:20:1675 +35:36:26.24 Fl4OW 263 1724006 236 6,59 115+ 003 683+ 2.07
MACS 10416.1-2403 0.397 04:16:09.15 —24:04:02.99 Fl40W 378 5624+ 081 143 314 - 4224+ 094
MACS 10429.6—0253 0.399 04:29:35.00 —02:53:06.78 FI40W L80 2934+008 17.2 11.90 671 £ 055 9985+ 340
MACS J1206.2—0847 0.439 12:06:1215 —08:45:03.32 FIl40W 365 HMEL052 143 313 - 6.90 £ 2.07
MACS 10320.7—-0211 0.450 03:20:41.57 —02:11:46.33 Fl40W 276 2294+£0102 222 847 131+ 041 2530+ 6350
EX J1347.5—-1145 0451 13:47:3061 —11:45:09.33 Fl40W 262 21.7+£012 143 4,52 511007 7284 1.88
MACS J1149.542223 0.544 11:49: 3570 +22:23:5468 FIlaOW 244 3M34£032 143 4.72 - 4544112
MACS JOT17.543745 0.548 T:17:3252 +437:44:3484 Fla0W 249 (324007 143 219 - 407 £0.73
MACS J0647. 747015 0584 06:47: 50,66 +70:14:53.99 FI60W L4 5692029 143 14.70 - 7T £277
MACS 10744943927 0.686 T:44 5280 +439:27:26.74 Fla0W 247 147 4£009 143 7.74 - T.65£245

® HST band corresponding to the mst-frame wavelength of 1m.

b Sérsic index of the BCG obtained with GALFIT in the HST band coresponding to the rest-frame wavelength of 1 em.
© Effective radius of the BCG obtained with GALFIT in the H 5T band corresponding to the rest-frame wavelength of 1 um.

4 BCG centric radius for Mopar, Mgag, and Ay, mass estimates.

¥ BCG total stellar mass A, (<0 ) estimated by Cooke et al. (2016). We assume a fractional uncertainty of 10%: in our analysis.

t Xeray gas mass M .. (< r) from Donahue et al. (2014),
¥ Strong lensing mass Mict (< ) from Umetsu et al. (2016).

Tian et al. (2020), submitted to ApJ
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--- Eq.1 from Spiral Galaxies (McGaugh et al. 2016) ‘/‘
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CLASH RAR & RAR

--- Eq.1 from Spiral Galaxies (McGaugh et al. 2016)
— In(got)=0.51IN(gp,,)—9.80 (MCMC)
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Once baryonic acceleration g, _, is given, one can get mass of dark matter
M;,, from RAR or CLASH RAR depending on systems and vice versa.




Residuals (dex)

Residuals (dex)

1.0

0.5¢

0.0

—0.5}

Residuals in CLASH RAR

-1.0

+ CLASHBCGs
CLASH Clusters

1.0

0.5

0.0

-0.5

-1.0

100

200

300
r (kpe)

400 500 600

2.0

2.5
I°g10(2x) [MSunpc—z]

3.0 3.5

Residuals (dex)

Residuals (dex)

1.0
0.5
L
@ pe »
0.0 """ - b . PEEEE v """"@* """""" V""""""'K""" """"""""""""
*e 4 *
® 0 ®
-0.5
-1.0
0.2 0.3 04 0.5 0.6 0.7
Redshift
1.0
0.5
. <@
0.0----=======- AT e e W0 0 R0 ey
@ ® o0
L 2 * Y
-0.5
-1.0 S . .
1 12 13 14
|°g10(Mb)[MSun]

Tian et al. (2020), submitted to ApJ



Four Issues in CLASH RAR

Four Issues in RAR

i. the acceleration scale g;=1.20x10"1ms"%;

ii. the low-acceleration slope (0.5);

iii. the intrinsic scatters (< 0.11 dex);

iv. no correlations between residuals and other galaxy
properties.

Four Issues in CLASH RAR

i. anew acceleration scale g;=2.02X10"ms™;

ii. the acceleration slope (=0.5);

iii. the intrinsic scatters (Log 0,,,=0.147);

iv. asmall correlation between residuals and radius.

Tian et al. (2020), submitted to ApJ
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--- Eq.1 from Spiral Galaxies (McGaugh et al. 2016) _/b
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Tian et al. (2020), submitted to ApJ



Dynamics & Kinematics

- Dynamics Kinematics

Solar System Newton’s Law Kepler’s Law

Spirals RAR Tully-Fisher
Ellipticals RAR Faber-Jackson
Clusters CLASH RAR Faber-Jackson?



Semi-Analytical Model (SAM)

* In hydrostatic equilibrium, the gas pressure gradient related

to total cluster mass as
d Pgas(r) _ GM¢oe(T)
dr — _pgas(r) 2 :

e Gas pressure is defined by electron pressure as
U
Pgas(r) = Iepe(r)-

* Assuming the electron pressure follows the GNFW profile,
Pei

T r '

— —)a)(b-c)/

G (1 + e

* Because pgq5(1) K pror(r)for all v, we can assume
Ptot (1) = ppm (1) + Pgas (r) = ppm (1)

Pe(r) =

Olamaie et al. (2012), MNRAS, 423,1534



Parameters in SAM

dWe assume a flat ACDM cosmology with Q,,, = 0.27, Q) =
0.73, and a Hubble constant of H, = 70kms~*Mpc~1.

QdWe adopt Myo9 = 1.55 X 10*°M,,,, and c599 = 3.28 to
describe the DM distribution ppy, () of our sample with a
median redshift of z=0.377 (Umetsu et al. 2016).

dWe assume a gas mass fraction of f;,(7500) = 13% (e.g.,
Planck Collaboration et al. 2013; Donahue et al. 2014) at
I = 1500 to fix the normalization of pg,.(7) .

Tian et al. (2020), submitted to ApJ
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Tian et al. (2020), submitted to ApJ



Semi-Analytical Model
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Semi-Analytical Model

-

== Mean Semi-analytical model at 100 kpc A209
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Implications for MOND

--- Eq.1 from Spiral Galaxies (McGaugh et al. 2016)
— IN(G00)=0.51IN(Ga)-9.80 (MCMC)
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The residual missing mass in
MOND in cluster scale:

M,, : The baryonic mass estimated by MOND; M, :
The baryonic mass by observation.

N 9m
\/gbarg:l: 1_6_\/97/91

The residual missing mass in MOND My _ 9u

Mpar Ibar

For gpar = 2.1 X 10‘10ms‘2,% =2.7.

For gpar = 1.3 X 10‘11ms‘2,% =17.3.

The residual missing mass by the CLASH
RAR increases with decreasing baryonic
acceleration.

Tian et al. (2020), submitted to ApJ



Remarks

dIn spiral and elliptical galaxies, the RAR is well-
established with the acceleration scale g:=1.20x10-1% ms2.

In galaxy clusters, the CLASH RAR reveals a similar
acceleration relation as the RAR but with a new
acceleration scale: g,=2.02x10"° ms.

dThe CLASH RAR predicts a Baryonic Faber-Jackson
Relation (BFJR), M, , 8. ¢*, in a BCG-cluster scale.

JSAM is consistent with data points and the mean relation.

dThe CLASH RAR implies the residual missing mass in
MOND increasing with decreasing baryonic acceleration.






Spherical Symmetry of CLASH sample

dThree-dimensional full-triaxial analyses of CLASH lensing
observations found no statistical evidence for orientation
bias in the CLASH sample (see Chiu et al. 2018, ApJ, 860,
126; Sereno et al. 2018, AplL, 860, L4)

dTriaxiality and orientations of clusters will introduce
statistical fluctuations of the projected cluster lensing
signal. It has been taken into account in the error analysis
of Umetsu et al. (2016).

Terrors in our total mass estimates M(<r) from lensing
include the effect of triaxiality and random orientations
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The Cluster Lensing And Supernova survey
with Hubble (CLASH)

(1 Measure DM profiles in galaxy clusters.
] Detect Type la supernovae (SNe la) out to redshift z ~ 2.5.
] Detect the most distant galaxies yet discovered at z > 7.

J Study the internal structure and evolution of the galaxies
in galaxy clusters.



Linear Interpolation of
Lensing Mass Profile
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Linear Interpolation of
Gas Mass Profile
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Effective Radius of BCGs by GALFIT

macsl206 sersic.fits 1

macsl206 sersic.fits 2

DEC (pixels)
200
—-8:50:30
150
—-8:50:33
100
—-8:50:36
-8:50:39 50
1 2h0 emPZh DenlPZh BanlPZh GenPZh En22 . 25 50 100 150 200
RA s (pixels) s
4 Object number: 1
0) sersic
1) 2478 2440 11
3) 20.0000 1
Input image : macsl206_65mas_f814w.fits[23?8:2578,2340:2540] 4) 50 1
Init. par. file : macsl206 ser.feedme :;é'&oo é
Restart file galfit.11 7) 0.0000 0
output image : macsl206 sersic.fits 8) 0.0000 0
g) 1 1
sersic  : ( 2477.24, 2440.29) 27 96.24  3.97  0.43 5 00t
( 0.13, 0.07) 0.03 5.36 0.14 0.00 ‘
sky : [24768.00, 2440.00] 2.25e-03 [0.00e+00] [0.00e+00] #G?bﬂict number: 2
1.77e-04 [0.00e+00] [0.00e+00] 1) 1 %820 )
Chi~2 = ©027.41143, ndof = 40393 2) 0.0000 0
chi~2/nu = 0.14% ;; g.uuuu 0

macsl206 sersic.fits 3
(pixels)

200 -
150 -
100 -
50 -
50 100 150 200
(pixels) s
# object type
# position x, ¥
# Integrated magnitude
# R e (half-light radius) [pix]
# Sersic index n (de Vaucouleurs n=4)
# _____
# _____
# _____
# axis ratio (b/a)
# position angle (PR) [deg: Up=0, Left=80]
# output option (0 = resid., 1 = Don't subtract)

R

object type

sky background at center of fitting region [ADUs]
dsky/dx (sky gradient in x)

dsky/dy (sky gradient in y)

output option (0 = resid., 1 = Don't subtract)
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Tahle 4
Chandra HSE Masses
MName Umax Friman fs O, F250d) Trasnn M7s00 TMoeny fg.ESIII ﬂfglﬁm F5i Fremg
(kms~") (h7 Mpe) (h7) Mpc) (10%h7) Mg) (hoy ™) (h7y Mpe)
A209 1743 126 0.745 0.633 0.47 0.014 249 0.36 0.11 0.005 1.31 0.16
A3E3 1184 29 0.22 0.017 0.436 0.007 1.42 0.07 0.107 0.003 0.94 0.021
MACS 032902 1485 80 0.36 0.10 0.46 0.017 2.24 0.24 0117 0.007 1.05 0.056
MACS 042002 1496 171 0.30 0.10 0.486 0.034 249 0.57 0.105 0.01 1.07 0.105
MACS 0744430 1631 824 0.43 0.16 0.425 0.015 234 0.24 0128 0.007 1.01 0.07
A6l 1674 o2 0.57 0.17 0.552 0.019 320 0.35 0.088 0.0044 1.30 0.09
MACS 1115+01 1664 106 0.45 0.097 0.5346 0.023 330 0.42 0113 0.0077 1.25 0.091
Al423 1297 61 0.275 0.051 0.47 0.014 1.82 0.17 0.094 0.0037 1.03 0.042
MACS 1206—08 2002 148 0.71 0.507 0.587 0.03 459 0.68 0.122 0.0077 1.43 0.16
CL J1226+33% 4975 3.80 6.38 0.705 0.05 13.6 2.90 0.038 0.007 2.30 0.36
MACS 131103 1390 116 0.32 0004 0.42 0.022 1.80 0.30 0.108 0.01 0.95 0.08
RX 11347 2318 57 0.403 0.03 0.735 0.012 9.14 0.45 0.104 0.003 160 0.035
MACS 1423+24 1579 146 0.287 0.047 0472 0.026 270 0.50 0,099 0.0075 1.04 0.07
MACS 1532430 1629 4] 0.46 0.042 0.525 0.009 3.00 0.15 0119 0.004 1.22 0.033
MACS 1720435 1467 820 0.273 0.05 0.483 0.018 240 0.29 0.114 0.006 1.05 0.055
A2261 1571 56 0.304 0.059 0.567 0.013 324 0.23 01096 0.004 1.23 0.045
MACS 193126 1522 33 0.279 0.02 0.511 0.008 274 0.12 0.133 0.0035 1.11 0.023
R J2129+00 1488 T 0.34 0.043 0.529 0.017 267 0.25 0.105 0.004 1.17 0.048
MS 2137-2353 1312 -+ 0.164 0.016 0.449 0.01 1.78 0.12 01205  0.0048 0.93 0.027
RX J2248—44 2272 125 0.828 0.326 0.706 0.025 7.19 0.79 01226  0.0067 1.71 0.14
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Tahle 3
Mass Estimates for Individual CLASH Clusters
Cluster Masoe 7 -~ Mo, M" My Magom M (< 1.5 Mpc)
(1014 M) (1014 M) (10" M) (10 M) (10" M) (10" M3) (1014 M)
X-ray Selected:
Abell 383 278 =063 443 = 116 588 £ 1.73 941 =333 966 £ 345 10,34 = 3.78 695 = 1.63
Abell 209 295 = 0.68 6.8 = 1.25 964 £ 197 19.60 = 4.61 2049 + 4 88 2236 + 544 10.28 = 1.37
Abell 2261 591 £ 1.03 1085 = 1.89 1565 = 3.05 2821 £ 6.87 2939 £ 7.26 314l =794 1422 = 1.79
RX J2129.7+0005 208 =044 3B 078 448 £ 1.16 721 =223 748 £2.34 T.87 £ 251 575 £ 1.23
Abell 611 413 =092 TAR = .67 10.73 = 2.65 1895 = 577 19.99 + 6.21 2078 + 6.54 11.24 = 1.95
M32137-2353 247 £ 072 521 = 1.4 B.28 = 2.57 1698 = 7.31 18.25 = 8.12 1891 = 854 967 £2.12
RX J2248.7-443]1 445 £ 1.05 842 + 208 1245 +3.62 2254 £ T8 2412 + 9.68 2453 +991 12,67 =250
MACS J1115.940129 350 = 0.82 702+ 1.43 1067 =222 2030 + 497 21.88 + 548 2224 + 560 11.55 = 1.61
MACS J1931.8-2635 410 +1.12 736 + 236 10.51 = 4.05 1802 +=9.05 19.18 = 9.88 1944 = 10.07 11.23 +=3.07
RX J1532.94302] 183 = 1.1 303 + 1.38 417 £1.71 704 =279 751 £3.02 758 + 3.06 581 = 1.63
MACS J1720.343536 392 = 0.86 T.00 = 1.59 096 +£2.53 17.04 + 539 18.20 = 594 18.30 = 5.94 1102 =205
MACS J0420.6-0253 285 = 0.70 492 + 1.32 6.85 =210 11.35 =433 1215 = 476 1213 = 4.74 840 +2.03
MACS J1206.2-0847 462 = 1.01 847 = 1.63 1224 +2.49 2135 £529 23,18 + 594 X282 + 581 1298 =+ 1.84
MACS J0320.7-0211 329 +0.64 502 = 1.00 651 £1.37 972 £ 230 10,35 = 2.50 10,21 =245 704 + 1.36
RX 11347.5-1145 165 + 1.63 1491 = 2.08 2233 +4.89 4066 £ 11.13 4450 £ 1260 4359 £ 12.25 19.33 = 261
MACS J0744.943927 432+ 1.02 B.12 = 176 1194 + 281 2.57 + 598 2321 £ 7.08 2132 £ 6.29 1396 + 239
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