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Fritz Zwicky (1933)

F. Zwicky, "Die Rotverschiebung von extragalaktischen Nebeln", Helvetica
Physica Acta 6: 110-127 (1933)
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Galactic scale Dark Matter seriously studied only begining early 1970s: Vera Rubin: Rotation Curve of

Spiral galaxies.
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Dark Matter in the Galaxy
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Mass Discrepancy (Radial) Acceleration Relation (MDAR)
for Rotationally Supported Galaxies

|B) Selected for a Viewpoint in Physics ek endin
PRL 117, 201101 (2016) PHYSICAL REVIEW LETTERS 11 NOVEMBER 2016

3

Radial Acceleration Relation in Rotationally Supported Galaxies

Stacy 5. McGaugh and Federico Lelly
Depariment of Astronomy, Case Western Reserve University, 10900 Euclid Avenue, Cleveland, Ohio 44106, USA

James M. Schombert
Department of Physics, University of Oregon, Eugene, Oregon 97403, USA
(Received 18 May 2016, revised manuscript received 7 July 2016, published 9 November 2016)

We report a correlation between the radial acceleration traced by rotation curves and that predicted by the
observed distribution of baryons. The same relation is followed by 2693 points in [53 galaxies with very
different morphologies, masses, sizes, and gas fractions. The correlation persists even when dark matter
dominates. Consequently, the dark matter contribution 1s fully specified by that of the baryons. The
observed scatter 1s small and largely dominated by observational uncertainties. This radial acceleration
relation 1s tantamount to a natural law for rotating galaxies.
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s and rotation curves for individual galaxies. The points with error bars in the upper panels are
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Mass Discrepancy Acceleration Relation (MDAR) for Spiral Galaxies
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DMAR Relation in CDM simulation

« Simulations used to be DM-only ones. Recently, more and more simulations are
including baryons (hydrodynamic simulations)

« Sitill, they cannot capture all the important aspects of complex, dissipative baryonic
physics in the galaxies.
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— MEBEII : Power law
MNMEBEII - v 3N it (Ecq. 1)
SPARC sample (MocGaugh+16)

The MDAR correlation is
= _ reproduced, but the form
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Tenneti et al, arXiv:1703.05287
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Mass Discrepancy — Acceleration Relation for the
Milky Way
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(Re)constructing the RC of Milky Way

w .- % - - Foraparticle in a circular orbit

_GM'r

-(7)

~* Measure v_c(r), get total M(r). Not so simple!

=rg(r

* Stars on the disk have approximately circular orbits.

L . But stars beyond the disk (> 30 kpc) have non-circular

et ".. Orbits. Also, there are not many tracer stars beyond the disk.
Use 21cm line emission from atomic H as tracer.

*Also, you only measure the line-of-sight component of
the velocity.

*Thus the RC, EM@2IP is not directly measured.
It has to be (re)constructed from l.0.s. velocity data
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Rotation Curve of the Milky Way out to ~200 kpc

THE ASTROPHYSICAL JOURNAL, T85:03 (13pp). 2014 April 10 doi: 0L TOSE0004-63TXT85/1/63

o 20014, The American Astronomical Society. All rights reserved. Printed in the U5 AL

ROTATION CURVE OF THE MILKY WAY OUT TO ~200 kpc

PUUSHPANI BHATTACHARIEE' -, SOUMINI CHAUDHURY", AND SusMita Kunpu?®
! McDonnell Center for the Space Sciences and Department of Physics, Washington University in St. Louis, Campus Box 1105,
One Brookings Drive, St. Louis, MO 63 130, USA; pijush.bhattacharjee @ saha.ac.in
* AstroParticle Physics and Cosmology Division and Centre for AstroParticle Physics, Saha Institute of Nuclear Physics, 1/AF Bidhannagar,
Kolkata 70064, India; soumini.chaudhury @ saha.ac.in, susmita. kundu®® saha.ac.in
Received 2013 October 18; accepted 2014 February 16; published 2004 March 26

ABSTRACT

The rotation curve (RC) of our Galaxy, the Milky Way, is constructed starting from its very inner regions (few
hundred parsecs) out to a large galactocentric distance of ~200 kpe using kinematical data on a variety of tracer
objects moving in the gravitational potential of the Galaxy, without assuming any theoretical models of the visible
and dark matter (DM) components of the Galaxy. We study the effect on the RC due to the uncertainties in the
values of the Galactic constants (GCs) R and V), (these being the Sun’s distance from and circular rotation speed
around the Galactic center, respectively) and the velocity anisotropy parameter 8 of the halo tracer objects used for
deriving the RC at large galactocentric distances. The resulting RC in the disk region is found to depend significantly
on the choice of the GCs, while the dominant uncertainty in the RC at large distances beyond the stellar disk comes
from the uncertainty in the value of 8. In general we find that the mean RC steadily declines at distances beyond
~00 kpe, independently of the value of g. Also, at a given radius, the circular speed is lower for larger values of g
(i.e., for more radially biased velocity anisotropy). Considering that the largest possible value of 8 is unity, which
corresponds to stellar orbits being purely radial, our results for the case of § = 1 give a lower limit to the total mass
of the Galaxy within ~200 kpe, M(200kpe) = (6.8 £4.1) x 10" M, independently of any model of the DM halo
of the Galaxy.

Key words: dark matter — Galaxy: general — Galaxy: kinematics and dynamics

Online-only material: color fgures, machine-readable table
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Figure 1. Left: schematic diagram showing the coordinate system, velocity and distance notations used in this work. Right: illustration of the tangent point method
for deriving the circular speeds for distances & <= Rq on the disk.

(R = 2 |:— ol B R =/ R2+rcos?h 2Ryrpcos beos| ' L GORZEINY,
[} A H,:J Hi['h!l Cos |r_'.l‘ L] '||I.| ] h Ll . L Aty L b H[] J.h cos ||I.]‘ 0% !r )
rp sinb

o Voo, Wo) = (11.1, 12.24, 7.25) (kms )

s . GM(r) ,{dlnn, dlne-
: Use Jeans eqn. © |CS el f-T.--(

dinr * dlnr

p 3 ] = w1 13
r = (R; +r; — 2Ryrycosbeos)'/*

Pijushpani Bhattacharjee CANDARK, ICTS-B'lore 07 June 2017 15/38



Disk Rotation Curve of the Milky Way

THE AsTROPHYSICAL JOURNAL, T85:63 {13pp), 2014 April 10 BHATTACHARIEE, CHAUDHURY, & KUNDU
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Figure 2. Left: rotation curves of the Galaxy obtained using the various different disk tracer samples listed in Table 3 in the Appendix for the Galactic constants
[(Ro/kpc), (Vo/kms™")] = [8.3, 244]. See Table 3 in the Appendix for keys to the data points. Right: averaged rotation curves obtained by weighted amaﬂln“ over
the combined V. data from all the disk tracer samples listed in Table 3 and shown in the left pdml for lh||.|. different sets of values of ILH.]e ]'.|.‘.II..:| r'r.]*]mn Y] as

indicated.
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Beyond-disk Rotation Curve of the Milky Way

BHATTACHARIEE, CHAUDHURY, & KUunDU
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Figure 5. Circular velocities with their leo error bars for the three different non-disk tracer samples used in this paper (see the text and Figure 12 in the Appendix
for details and source references for the samples). The left panels are for racer velocity anisotropy @ = 0 and three different sets of values of the Galactic constants,
[{ Ry kpc)h, (Vg kms™ ")), as indicated, whereas the right panels show the results for three different constant (r-independent) values of # = (0, 0.5 and 1, with

[{Ra/ kpc)y, (Vo kms™")] = [8.3, 244].

Pijushpani Bhattacharjee CANDARK, ICTS-B'lore 07 June 2017




[B.3,244]
[8.5,220] »-&--

[8.0,200] ~—B

100 150 200
r [kpe)

Pijushpani Bhattacharjee CANDARK, ICTS-B'lore 07 June 2017 18/38



Mass of the Milky Way
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Fipure 8. Mass, Af{r) = r ||-"I:I:J" by, within r. as a functoon of ». obtained
from the RCs shown in Figure 7 for [( R/ kpc) ., (Vo kms— 1)) = [8.3, 244] and
various values of the tracers’ velocity anisotropy parameter & . Estimates of M({r)
at certain specific values of r obtained from various independent considerations
in some earlier works, namely, Kafle et al. (2012; K12), Wilkinson & Ewvans
(1999 WESQ), Deason et al. (20012a:; D1 2a), Xue et al. (20006; X0E), McMillan
(2011 M11), Gnedin et al. (2010; G10), Samurovic et al. (2011: 511), Catena
& Ullio (20010 CUT 1), Dehnen & Binney ( 1998; DBO9R), Battaglia et al. (2(H)5;
BO5-(k), Deason et al. {2012b: D12b), and Bhattacharjee et al. (20013; BCKM
20013), are shown for comparison.
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Milky Way Mass Models from RC fit
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Best-fit density profiles
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Best-Fit Mass Profiles
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Mass Dlscrepancy Acceleratlon Relation (MDAR) for the Mllky Way
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Modified Newtonian Dynamics (MOND)
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The Tully-Fisher Relation

Astron. Astrophys. 54, 661—673 (1977)

ASTRONOMY
AND
ASTROPHYSICS

A New Method of Determining Distances to Galaxies

R. Brent Tully'* and J. Richard Fisher?

' Observatoire de Marseille, France

2 MNational Radio Astronomy Observatory**, P.O. Box 2, Green Bank, W. Va. 24944, USA

Received July 15, 1975, revised April 26, 1976

Summary. A good correlation between a distance-in-
dependent observable, global galaxian H 1 profile widths,
and absolute magnitudes or diameters of galaxies offers
a new extragalactic distance tool, as well as potentially
being fundamental to an understanding of galactic
structure. The relationships are calibrated with members
of the Local Group, the M81 group, and the M101 group
and have been used to derive distances to the Virgo
cluster (u,=30"64+072) and the Ursa Major cluster
(po=30754+ 0735). A preliminary estimate of the Hubble
constant is H, =80 km/s/Mpc.

Key words: galaxies

— distances — neutral hydrogen

1. Imtroduction

We propose that for spiral galaxies there is a good
correlation between the global neutral hydrogen line
profile width, a distance-independent observable, and
the absolute magnitude (or diameter). It is well known
that the intrinsic luminosity of a galaxy is correlated
with the total mass, which is a derivative of the global
profile width and is linearly dependent on distance (cf.

CANDARK, ICTS-B'lore

total mass and type). It is our contention that this
correlation is primarily an accident of the fact that earlier
systems that have been studied are intrinsically larger
than later systems. The principal correlation should be
with luminosity, with modest, if any, type dependence.
This point is important with regard to the internal
structure of galaxies, as well as offering a valuable tool
for the measurement of extragalactic distances.

The basic difficulty with establishing the relation,
and presumably the reason why it has essentially escaped
notice, is that if the calibrating systems do not have
extremely well known absolute or relative distances, the
observational scatter thus introduced renders the rela-
tion of little use. We will attempt to demonstrate the
effect in two ways: (i) based on nearby systems with well
determined distances, and (ii) based on systems in
clusters, hence at the same relative distance. A compari-
son of the two analyses will permit a preliminary deter-
mination of the Virgo and Ursa Major cluster distances.

I1. Nearby Galaxies

We shall first look for the proposed relation in the
nearby “calibrator™ galaxies, each with:

07 June 2017




Tully-Fisher relation

I T Fig. 1. Barvonic mass as a function of the asymptotic velocity, Vg, of
rotation curves of galaxies. The band and its width show the
® Local calibrators expectation ffrom MOND and detailed fits to rotation curves.
e Virge cluster p,=30T5

100 km /s 200 km/s 400 km /s TOO kmis
LOG AVIie)

Fig. 5 (a) Absolute magnitude — global profile width relation produced
by overlaying Figure 3 on Figure 1, adjusting Figure 3 vertically to
arrive at a best visual fit with a distance modulus of u, = 3076+ (™2

Tully & Fisher, A&A (1977) S. McGaugh (2010), D. Bugg (2015)

Tight between rotation speeds (- ) and luminosity (-

/]

Pijushpani Bhattacharjee CANDARK, ICTS-B'lore 07 June 2017




THE ASTROPHYSICAL JOURNAL, 2T0:365-370, 1983 July 15
& 1983, The Amernican Astronomical Socicty. All rights reserved. Printed in TS A

A MODIFICATION OF THE NEWTONIAN DYNAMICS AS A POSSIBLE
ALTERNATIVE TO THE HIDDEN MASS HYPOTHESIS'

M. MILGROM
Department of Physics, The Weizmann Institute of Science, Rehovot, Israel; and
The Institute for Advanced Stady
Received 1982 February 4; accepred 1982 December 28

ABSTRACT

I consider the possibility that there is not, in fact, much hidden mass in galaxies and galaxy
systems. If a certain modified version of the Wewtonian dynamics is used to describe the motion of
bodies in a gravitational field (of a galaxy. say), the observational results are reproduced with no
need to assume hidden mass in appreciable gquantities. Various characteristics of galaxies result with
no further assumptions.

In the basis of the modification is the assumption that in the limit of small acceleration a = ag,
the acceleration of a particle at distance » from a mass M satisfies approximately a”/a, =~ MGr— 2,
where a; is a constant of the dimensions of an acceleration.

A success of this modified dyvnamics in explaining the data may be interpreted as implving a need
to change the law of inertia in the limit of small accelerations or a more limited change of gravity
alone.

I discuss various observational constraints on possible theories for the modified dynamics from

Pijushpani Bhattacharjee

data which exist already and suggest other systems which may provide useful constraints.
Subject headings: cosmology — galaxies: internal motions — stars: stellar dyvnamics

I. INTRODUCTION

The hidden mass hypothesis (HMH) explains the
dynamics in galaxies and systems of galaxies by assum-
ing that much of the mass in these systems is in. as vet,
unobserved form (for recent reviews see, for example,
Faber and Gallagher 1979 and Rood 1981). This hy-
pothesis has not vet encountered any fatal objection.
However, in order to explain the observations in the
framework of this idea, one finds it necessary to make a
large number of ad hoc assumptions concerning the
nature of the hidden mass and its distribution in space.

The large amounts of data on galaxies and galaxy
systems which have been collected to date, and in partic-
ular the warious regularities which have emerged from
these data (each requiring new ad hoc assumptions
about the hidden mass) make, I believe, the time ripe for
considering alternatives to the HMH.

CANDARK, ICTS-B'lore

The main assumptions on which the above relation is
based are the following: (@) The force which governs
the dynamics is gravity. (b) The gravitational force on a
particle depends, in the conventional way, on the mass
of the particle and on the distribution of the mass which
produces this force. (¢) Newton’s second law holds (All
along I take the second law to include the proportional-
ity of inertial and gravitational masses). These are as-
sumed to hold in the nonrelativistic regime (which is
Jjustified for galaxy dynamics). In addition, one assumes
that particle wvelocities are correctly measured by line
spectral shifts with the usual Doppler relation, and one
also makes warious “astrophysical™ assumptions about
the mnature of the systems under study (their being
isolated bound systems etc.).

It must have occurred to many that there may, in fact,
not be much hidden mass in the universe and that the
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Figure 3: Data for galaxy baryonic mass plotted against the measured asymptotic rotation speed, compared with the
MOND prediction (line). Left: a large sample of disc galaxies of all types (circles for gas-rich, squares for
star-dominated galaxies). Middle: the same test with only gas-rich galaxies included, tor which the barvonic mass is
insensitive to adopted stellar mass-to-light ratios (McGaugh, 2011). In both plots, the line is the MOND prediction
using the value of ay determined earlier from rotation-curve analysis of 11 galaxies (McGaugh, 2012). Right:
distribution of Ff /MG for the latter sub-sample, compared with that expected from measurement errors alone;

showing that the observed scatter is consistent with no intrinsic scatter in the observed relation.

Milgrom (1983)
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I have considered the possibility that Newton’s sec-
ond law does not describe the motion of objects under
the conditions which prevail in galaxies and systems of
galaxies. In particular I allowed for the inertia term not
to be proportional to the acceleration of the object but
rather be a more general function of it. With some
simplifying assumptions I was led to the form

a9 ~ 1.2 x 10 %cm.s~

S o A “fundamental” acceleration
”:g.fl{. a/ag _}-l‘.'l‘ =F, '-r 1} scale

p(x=1)=1, p(x=1)=x,

replacing m a = F. Here m  is the gravitational mass of

a body moving in an arbitrary static force field F with
acceleration a(a = |a|). The force field F is assumed to
depend on its sources and to couple to the body, in the
conventional way. Equation (1) is assumed to h 9~ = Hlva.
some fundamental frame of reference. For accelerations
much larger than the acceleration constant (ag), p =1, (1) violates momentum conservation
and the Newtonian dynamics is restored. ~ Bekenstein & Milgrom (1984) gave a

Milgrom (1983) “modified” Poisson equation:

7 { |1"?1:[} ) T{I: — 4 f;'_i"-"

-]

\, (Y]

=

M
: vfj:GMao:GaoLfocL
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Criticisms of MOND

No fully relativistic version of the “theory” is available yet

Has difficulties in explaining the MD/DM in clusters of galaxies

“Bullet cluster” ?

Cosmology : CMB, structure formation, ...

But the origin of MDAR in rotationally supported galaxies remains to be explained.
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Visible Matter — Dark Matter Conspiracy?

Phil. Trans. R. Soc. Lond. A 320, 447-464 (1986)

Printed in Greal Britain

Dark matter in spiral galaxies

By T.S. van ALBAaDA AnND R. SANcCIsI

Kapteyn Astronomical Institute, Groningen Unwversity, Postbus 800,
9700 AV Groningen, The Netherlands

Mass models of spiral galaxies based on the observed light distribution, assuming
constant M /L for bulge and disc, are able to reproduce the observed rotation curves
in the inner regions, but fail to do so increasingly towards and beyond the edge of
the visible material. The discrepancy in the outer region can be accounted for by
invoking dark matter; some galaxies require at least four times as much dark matter
as luminous matter. There is no evidence for a dependence on galaxy luminosity or
morphological type. Various arguments support the idea that a distribution of visible
matter with constant M/L is responsible for the circular velocity in the inner region,
1.e. inside approximately 2.5 disc scalelengths. Luminous matter and dark matter
seem to ‘conspire’ to produce the flat observed rotation curves in the outer region.
I't seems unlikely that this coupling between disc and halo results from the large-scale
gravitational interaction between the two components. Attempts to determine the
shape of dark halos have not yet produced convincing results.
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At first there was only darkness wrapped in darkness.
All this was only unillumined water.

That One which came to be, enclosed in nothing,
arose at last, born of the power of heat."

- Rig.Veda (1* Millenium B.C.) .

In order for the Ilght to

shme SO brlghtly, the
',darkness must be present

F rancis Bacan

THANK YOU!

e
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Back-up miscellaneous slides
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Evidently, no!

Planck 2015

Parameters of the Universe
Hy = 70Kms~! Mpc ™’

opre = 0.683 p,. = 3.52 X 107° GeV cm™
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Dark Matter Density near the Solar System
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Wither WIMP Direct Detection?
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Ultimate Background: The Neutrino “Floor”
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Cushman et al, arXiv:1310.8327
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Colliding Galaxy Clusters

“Bullet Cluster”

-
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