EVALUATION OF THE RADIAL ACCELERATION
RELATION IN ELLIPTICAL GALAXIES AND
GALAXY CLUSTERS
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DARK MATTER IN GALAXY CLUSTER
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THE STANDARD COSMOLOGICAL MODEL

* Lambda-cold-dark-matter model (ACDM model)
 Dark matter exists

 Dark matter is “cold” — it becomes non-relativistic when it decouples
from normal matter

* For cold dark matter, dark matter mass ~ MeV or above
» (Cold dark matter is almost collisionless

* There should be no strong correlation between cold dark matter
and baryonic matter
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PROBLEM OF DARK MATTER THEORY

* No signal
* Great challenge to WIMP models
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PROBLEM OF DARK MATTER THEORY

153 LTGs

McGaugh & Lelli (2016). Phys. Rev. Lett. 117,
201101.



PROBLEM OF DARK MATTER THEORY

* Density profiles — not match!

153 LTGs

McGaugh & Lelli (2016). Phys. Rev. Lett. 117,
201101.



PROBLEM OF DARK MATTER THEORY

Density profiles — not match!
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153 LTGs

p=1/2,e=1/2

Hernquist

Plummer

McGaugh & Lelli (2016). Phys. Rev. Lett. 117,
201101.




PROBLEM OF DARK MATTER THEORY

* The tight correlation: Radial
Acceleration Relation

p=1/2,e=1/2

Hernquist

Plummer

McGaugh & Lelli (2016). Phys. Rev. Lett. 117,
201101.




THE RADIAL ACCELERATION RELATION (RAR)

 There exists a strong correlation between the dynamical
acceleration and baryonic acceleration in spiral galaxies (i.e.
there is a strong correlation between dynamical mass and
baryonic mass)
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CHARACTERISTICS OF THE RAR

- It has an acceleration scale a,

* ltis consistent with the Baryonic Tully-Fisher Relation

* |tis generally consistent with the Modified Newtonian Dynamics
(MOND)

* This has been viewed as a strong evidence of the MOND or some
modified gravity theories




IS THE RAR UNIVERSAL?

»  Some studies have questioned the existence of a fundamental
acceleration scale (e.g. Rodrigues et al. (2018), Nature Astronomy
2,6068).

* |f the RAR originates from modified gravity theories, it should be
universal.

 There is a need to check the universality of the RAR or the
acceleration scale.




THE RAR IN GALAXY CLUSTERS

« We performed an analysis to generate the RAR in a sample of galaxy clusters

adyn — )
a, = G]\ibar
r

» Under the hydrostatic equilibrium condition, we can connect a;,,, with @y,
dP _ GMdynpg

dr r?

* The gas density is best-described by the beta model.:
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THE RAR IN GALAXY CLUSTERS

 The baryonic acceleration can be calculated

GM,, [,
=4rxG | rop,dr
2 &

0
- We analyse the relation at four different positions: r = r., ¥ = 2r,, r = 3r,

abar —

Sample galaxy clusters:
HIFLUGCS galaxy cluster sample
52 non-cool-core clusters

Scale radius > 100 kpc

oo lm,;]'" : : Chan and Del Popolo (2020), MNRAS,
_ 492, 5865.




THE RAR IN GALAXY CLUSTERS

The RAR in galaxy clusters is significantly different from the RAR in
spiral galaxies

The scatters are 0.18 dex (expected from uncertainties should be
0.13 dex) > not a tight relation!

The best-fit acceleration scale is @, = 9.5 X 101" m/s2, which
IS much greater than the one in the RAR in spiral galaxies

Therefore, there is no clear RAR in galaxy clusters

After a very short period of time, another group also obtained a
similar result (Tian et al. 2020, ApJ 896, 70)




THE RAR IN GALAXY CLUSTERS

* We also investigate the potential analytic RAR for central region of galaxy clusters

*  We use the same formalism, but we expand the baryonic mass expression in terms of the
dynamical acceleration:
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THE RAR IN GALAXY CLUSTERS

» We can also include the contribution of the stellar mass in galaxy clusters (stellar
mass is significant for the central region)

* There is a correlation between the hot gas mass and the stellar mass:




THE RAR IN GALAXY CLUSTERS

* Including the stellar mass, we can obtain a more precise analytic RAR relation for
central region of galaxy clusters:

Qpar = G [2.4y0'37 +(0.22 - 0.14p) y**" + (0.093 — 0.26 + 0.056°) y4'37]
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- The scatter of a, is very large. Therefore, the RAR in galaxy clusters is also very large.




THE RAR IN GALAXY CLUSTERS

We do the same trick for the NFW profile.
Clearly, the functional forms deviate from the RAR in spiral galaxies

52 non-cool-core
clusters with scale
radius > 100 kpc
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Phys. Rev. D, 105, 083003.




THE RAR IN EO ELLIPTICAL GALAXIES

EO elliptical galaxies are significantly different from the spiral
galaxies (e.g. morphology)

Most of the EO elliptical galaxies are slow rotators (spiral galaxies
are fast rotators)

Testing the RAR in EO elliptical galaxies is useful

Previous studies have included only a small portion of EQ elliptical
galaxies




THE RAR IN EO ELLIPTICAL GALAXIES

A previous study has examined the RAR in EO elliptical galaxies
(Chae et al. 2020, ApJ 903, L31)

However, they have assumed the MOND interpolating function to
connect the dynamical acceleration and baryonic acceleration in
their analysis

This assumption would give selection bias
We propose to use Jeans analysis to re-perform the investigation




THE RAR IN EO ELLIPTICAL GALAXIES

« Sample galaxies: MaNGA (Aguado et al. 2019, ApJS 240, 23)

 There are 13 good EQ galaxies for analysis

 We transform the line-of-sight velocity dispersion maps into the
line-of-sight velocity dispersion profile ¢;,(R) for each galaxy

 We take the azimuthal averaging of the velocity dispersion in
concentric bins with a constant bin width 0.5

» We discard the data with R < 2" and the data with signal-to-noise
ratio < 10




THE RAR IN EO ELLIPTICAL GALAXIES

 The line-of-sight velocity dispersion profiles can be well fitted by a power law
function 6;,, = 0y R™7
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THE RAR IN EO ELLIPTICAL GALAXIES
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THE RAR IN EO ELLIPTICAL GALAXIES

* We assume that the 3;% velocity dispersion can also be expressed in terms of a power-law

r
o(r) =oy| —
a

The relation between the 3-D velocity dispersion and the line-of-sight velocity dispersion is given by

T 2 2
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« The surface mass density profile is written as
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Y(R) = YOXmaX{l + K[2.33 - 3(%)] ,1}




THE RAR IN EO ELLIPTICAL GALAXIES

» The 3-D stellar mass profile is given by

(6]

| " dX(R) dR

p(r)=——

/2 dR R2 — 2

0
 The anisotropy parameter is given by (Chae et al. 2020):

(£)
2
1+(§>
 Therefore, altogether there are 6 independent parameters
{K, By, By> ¥, 0, ¢} involved in the fitting of the observed o;,,(R)

p(r) = B+ (B — By)




THE RAR IN EO ELLIPTICAL GALAXIES

*  We perform the MCMC analysis, using the emcee sampler (Foreman-Mackey et al. 2013)
*  \We set the following priors:
K=101], g=[-2,+07|, = [-2,+0.7|, r,= [0.1R,, R,|, 65 = [50,400]
kmis,a = — 1, + 1]
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Corner plot of the 8726-9102 galaxy



THE RAR IN EO ELLIPTICAL GALAXIES

* After getting the parameters, we can calculate the dynamical acceleration by the

Jeans equation:

62

adyn — Tr(y* + Yo — 2ﬁ)

dinp dInc?
where y,, = — andy, = — = 2a.

dInr dInr

« We also calculate the baryonic acceleration:

GM, ar G r ! ’ /
Ap,r = rzb =3 [471’]’ 2p(r"dr
0

« We maximize the likelihood between the observed RAR in spiral galaxies and the
RAR in EO elliptical galaxies to get the values of Y /. In fact, the likelihood

would be maximized When—a——a—('baytrrrrcmatterdommated)



THE RAR IN EO ELLIPTICAL GALAXIES

»  We mainly compare the RAR in EQ galaxies and the RAR in spiral galaxies for
log a,,,. < — 9.3 (baryonic matter no longer dominated)

* More than 5o deviation between the two RARs

The RAR in EO galaxies
is different from the
RAR in spiral galaxies

Chan, Desai & Del Popolo,
in prep.




CONCLUSION

» The RAR s unlikely to be universal in galaxies as there is a large
deviation between the RAR in spiral galaxies and the RAR in
elliptical galaxies

« The RAR in galaxy clusters has large scatters and is different from
the RAR in spiral galaxies

* There is no universal acceleration scale

» The RAR in spiral galaxies might be just an emergent phenomenon
only (some CDM model can reproduce the RAR, e.g.
arXiv:2102.13116).
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