CUSPS AND CORES IN GALAXIES:PROBLEMS
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LECTURE1:

Dark matter distribution in
galaxies and clusters



The ACDM Model

v ACDM: model parameterization of the Big Bang cosmological model in which
the universe contains a cosmological constant (A), and cold dark matter.

Frequently referred to as the gtandard meoedel of Big Bang cosmology or

Cosmic Concordance Model , since it is the simplest model that provides a
reasonably good match to the following observations:

the existence and structure of the cosmic microwave background

the large scale structure in the distribution of galaxies

E'rhe‘ 'tlb#ndanus of hydrogen (induding deuterium), helium, and

the accelerating expansion of the unlverse observed in the light from distant
galaxies and supernovae
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SmalliScaleiChaliengesitorCbDM

Bullock, Geha, & Powell GHALO simulation »

Dissipationless ACDM
simulations predict that the majority of the
most massive subhaloes of the Milky Way are
too dense to host any of its bright satellites




4. CUSP/CORE PROBLEM

e Cusp/Core Problem: Dark matter cusps absent in galaxy centers,
LSBs and dwarf Irr (CDM dominated)

NFW Density Profile AT ORI El gy BNV ETIWAR (G N Flores & Primack 1994

N Moore 1994
core radius ! Swaters et al. (2003)
] Diemand et al. (2004)
Simen et al. (2008)
De Blok et al. (2008)
Kuzio de Naray and Kaufrmann (2011)
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Parametrize density profile as p(r) o« r -«
— Observations show a ~ 0 (constant-density core)

— Simulations predict o ~ 1 (central cusp)




Density profiles of haloes: a short story

Peebles

Gunn & Gott

Gott p oc r M

Fillmore & Goldreich; Bertschinger
Hoffman & Shaham pxr —3(n+3)/(n+4)
Quinn, Salmon & Zurek pxr —3(n+3)/(n+4)
Frenk, White, Davis & Efstathiou

Hernquist pocrir+r)?

Dubinski & Carlberg (1991), Lemson (1995), Cole & Lacey (1996), Navarro et al. (1995;
1996, 1997)(NFW)...

+ Moore et al. (1998), Jing & Suto (2000), Klypin et al. (2001), Bullock et al. (2001), Power et al.
(2003); Navarro et al. (2004), Stadel et al (2008), Springel et al. (2008), Navarro et al. 2010.
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NEWAVIGEEIS

Ne\zirre ezl (2004, 20:0.0)
PIEPESEHaENWRaNEI Vi GO

Wigra vy 19 deflniged s wnle relellus cie

WHIGHE
eThe profile slope is now varying with fo
radius to 0.5% of rwo s
«Profile becomes shallower with r->0, Jia ~-Clusters
No asymptote, slope at 120 pc,
-0.8 (Stadel+09)

(Ricotti 2003, Ricotti & Wilkinson
2004; Ricotti et al. 2007; Del Popolo
2009, 2010; Di Cintio et al. 2014)
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Profiles of dark matter are not power laws

Profiles of dark matter are cuspy in the central region
(but a>-1 -> NFW not correct)

The value of inner slope is debated (amin ~-0.8)

A large number of simulations predict that universal
profiles of dark matter halos are universal (NFW or
Einasto) (at least approximately; Jing & Suto
2000, Ricotti 2003; Ricotti & Wilkinson, 2004; Ricotti
Pontzen & Viel 2007; Del Popolo 2010, Del Popolo
2011)



DENSITY PROFILES IN SPIRALS (ROTATION CURVES)

: : : '_ - Stellar Disks

| M33 - outer disk truncated,
# very smooth structure

NGC 300 - exponential disk
goes for at least 10 scale-
lengths
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Berkeley-lllinois-. Maryland Association (BIMA) Array with 30 GHz receivers.




Circular velocities from spectroscopy
- Optical emission lines (Ha, Na)

- Neutral hydrogen (HI)-carbon monoxide (CO)

Tracer angular resolution spectral
resolution

HI 7" ... 30" 2 ... 10kms™

CO 1.5" ... 8" 2 ... 10 kms™

Ha, ... 0.5" ... 1.5" 10 ... 30 km s™




A RCis obtained calculating the rotational velocity of a tracer (e.g. stars, gas)along the
length of a galaxy by measuring their Doppler shifts, and then plotting this quantity versus
their respective distance away from the centers

Tracing the intensity-weighted velocities Viee = [ I(v)vdv/ | I(v)dv Longer arrows
Int represent larger
orbital velocities. |
I(v)= intensity profile at a given radius as a function of the radial velocity. _
£
The rotation velocity is then given by z
i= inclination angle g
Vsys= systemic velocity of the galaxy. .,
% 0 10 20 30
V}ot - (Vint - VsyS)/ sin 4 (thgi:st::?smgﬁ:';:m)

Copyright @ Addison Wesley.

Optical
resolution:2”, i.e.
RD/30-RD/10

Radio

Interferometers:
10” blueshifted

c redshifted

<«—— bluer wavelength redder —>»
Copyright © Addison Wesley.
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odel parameters
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—— ISO best fits

0 1C2574 = DDO154
O NGC2366 +r DDO53
v HOI 4 M81dwB

log(R/Ry,3)

Burkert 1995; de Blok & Bosma 2003, Gentile et al. 2008, Spano
et al. 2008,

(LITTLE THINGS)
Shape of density profile is shallower than that found in numerical

simulations (e.g., 0.2 £ 0.2)
2%
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GALAXIES PROFILES COMPATIBLE WITH CORES?
de Blok etal. (2008):

+(high mass spirals) galaxies having Mg < =19 -> NFW profile or a PI profile;

* (low mass spirals) Mg > -19 -> Pl model

Galaxy Dynamlcs in THINGS The Hl Nearby Galaxy Survey

NGC 2403 — Gas and Stars ‘

The HI Nearby
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" Is There a Universal Density

Profile?

Adams+2014

Galaxy

NGC0959
UGC02259
NGC2552

5| NGC2976
21 NGC5204

Stellar-traced

NGC5949
UGCI11707
NGCO0955
UGC02259
NGC2552
NGC2976
NGC5204
NGC5949
UGCI11707

log M2oo
,"’..\"‘I ( E_\

11.06+0.23
11.4240.14
11.3340.11
11.9440.51
11.36+0.16
11.8240.42
11.4940.18

.64=x0.32
11.624+0.61
11.2340.38
11.56+0.46
11.76£0.51
11.46+0.22
11.1340.37

NGC 5963

16.74£2.0
18.242.6
18.14£2.0
20.6+3.3
18.742.1
17.5£1.9
15.1+£1.6

8.0x2.

16.745.7
15.8+3.6
17.7£2.5
18.3£3.3
17.5£1.9

7.3£4.9

0.88+0.15
0.7240.09
0.38+0.11
0.30+0.18
0.85+0.06
0.53+0.14
0.41+0.11

Model parameter constraints

0.73x0.10 -0.05x0.20

0.77+0.21
0.53+0.21
0.53+0.14
0.77+0.19
0.72+0.11
0.65+0.26

0.2840.39
0.35+£0.29
0.49+0.07
0.65£0.19
0.11£0.17
0.34+0.26

T

1.10£0.15
1.074£0.27
1.01£0.19
0.83+0.22
1.08+0.13
1.16+0.34
1.1140.23

08x£0.27
1.10+0.44
1.2440.55
0.93+0.21
1.30+0.42
1.2040.28
1.07+£0.44

i(°)

55.240.1
41.040.2
52.940.1
62.040.2
46.840.1
62.040.1
72.74+0.1
35.3=x0.

41.140.2
52.840.2
62.0+0.1
47.040.1
62.140.1
72.840.2

PA(%)

62.8+1.9
159.941.5
57.8+0.9
-34.4+1.6
171.04+2.2
148.542.0
56.84+1.0
J..
157.6+3.3
56.94+3.1
-33.6£3.0
172.61+3.5
146.3+1.3
53.1+4.0

e

Vsys

(kms—1!

)
597.040.8
581.641.1
521.940.7

53+£1.1
201.6+0.9
442.4+1.7
899.44+1.0
596.5x2.(
578.7+2.9
521.942.7

1.5+1.3
201.4+2.2
441.3+£1.5
896.61+3.8

Aag
@
0.84+0.4
-0.8+1.0
0.940.8
-1.3+1.5
0.2+1.0
1.240.6
1.440.7
-0.62.0
0.942.3
-1.342.5
0.6+2.3
-0.94+2.4
-0.54+0.7
1.0+4.3

* Also different from previous observations, though
e.g.,a=0.2=+0.2 (de Blok, Bosma, & McGaugh 2003)

A(.S(l
('
-0.140.5
1.041.2
1.440.9
-1.5413
-0.841.0
0.240.7
0.240.8
(). .0
-0.643.0
-0.342.4
0.3£1.9
-1.642.7
-0.140.7
0.542.9

Osys

(kms™1)

5.640.7
5.540.5
5.740.3
6.9+04
6.61+0.7
5.440.8
7.54+0.4
3.0xl.

3.3+1.2
3.6+0.7
2.31+0.6
29+1.6
29+1.1
3.6+1.2




Hydro sims: LG-MR + EAGLE-HR,

V=77 kms ' +10% [165]
DMO sims: LG-MR + EAGLE-HR,
— V=77 kms ' +10% [165]
¢ Oh+2011 DG1
® IC2574

6 8 10 12 14
Radius [kpc]




ENVIRCON M ENT

Galactocentric Radius (pc) Galactocentric Radius (pc)
500 1000 1500 2000 500 1000 1500

Table 1. Sample of dwarf (type = 0), LSB (type = 1)
and normal spiral (type = 2) galaxies and constraints on
the model parameters.

ID Type  Reference (C] a

UGC 1281
UGC 8490
NGC 4605
MS81 dwB
NGC 5023
40 éo ab 100 1éo 1;100 ‘ 40 éo ab 100 1éo 1;10 NGC 4736
Galactocentric Radius (") Galactocentric Radius (") NGC 3274

dBBO2  —12 09250
Swil  —11 089700

S05 —-11 078700
Ohl0  —09 03910
dBB02  —05 0.7950%
dBB02  —05 08135
dBBO2  —03 075700
dBB02 0 o051
Swil 0.1 046100
Swil 0.1  0385)%
dBBO2 0.1 00718
Ohl0 06 043100
Ohl0 07 038750
dBBO2 09  0.0970%
dBB2 10 03270
Oh10 15 038%0%
dBBO2 27 0.017)]

Figure 4. (a) Minimum disc rotation curve of NGC 2976. Black circles with error bars represent the rotation velocities relative to the minimum disc obtained NGC 2403
by S03. The solid line is a power-law fit to the rotation curve, which corresponds to a density profile of p ocr~%7, obtained by S03. The dashed line plots the UGC 7524
results of the model of this paper. (b) Maximum disc rotation curve of NGC 2976. Similar to (a), except p o 001, UGC 7559

NGC 7793

140 Holl

3 NGC5963 i | DDO 53
NGC5949 IC 2574

Slope=-1.20 100 1 NGC 2366
iz Slope=-0.88 Hol

& NGC 2976
60 Pt 1 “Swaters et al. (2011)
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Figure 5. (a) Disc-subtracted rotation curve of NGC 5963. As in Fig. 4, the black points represent the dark matter halo rotation curve, obtained by S05, after
subtracting the stellar disc. The solid, dotted and short-dashed lines show the power-law, NFW and pseudo-isothermal fits, respectively, obtained by S05. The
long-dashed curve is the dark matter halo rotation curve obtained from the model in this paper. (b) Disc-subtracted rotation curve of NGC 5949. The symbols
have the same meanings as in (a).




SPIRALS: WHAT WE KNOW

MORE PROPORTION OF DARK MATTER IN SMALLER SYSTEMS
MASS PROFILE AT LARGER RADII COMPATIBLE WITH NFW

DARK HALO DENSITY SHOWS OFTEN A CENTRAL CORE OF SIZE 2 Rp
ISO HALOS OFTEN PREFEREED OVER NFW



ELLIPTI C ALS é-'“-'fQIOfAu§tr_alifn Obs.evr.vatory |

The Stellar Spheroid

Surface brightness follows a Sersic (de Vaucouleurs) law
: 14 @
I(R) — 7 e—bn[(R/Re)l/”—l] mI{R)=Inl. +7.669 [1 — (£> ] i

s

R, : the effective radius, n Sersic index (light concentration)

By deprojecting |(R) we obtain the luminosity density j(r):

j(r)yrdr : : | |
I(R) = f](l’) dz = 2f Assuming radially constant stellar mass to light ratio

RNr - R pepn(r) = (M/L), j(r)

2plgncidles i sl ndlez 32 Jezing rodellinle) of reiclizll, vrojsersel ciniel ziogrtirs yelaeiny disesrsiors
M (1) = Mgpn (1) + My (7).

SROLAIONNIS MO RISES

o) = oy | P Radia meglligiblle
2 e ) ) ok SO (IK) 1S @ direct probe ot
7p(R) = I(R)/R =g @ PTOSEEaon) grav potential but 1tis not

fa observable
05 (Ra) = N /0 0%(R) I(R) R dR (qg}) mb n
When observed thPugh an aperture of finite size, %u\—/&ﬂm Wb’hw @Im
L(R)=2r [ 1(R) RdR g oo SRS R o vl S meASTTeS

-AarivaiMalr); Maqn(r)



Spherical Symmetry;
Non-rotating system

Velocity dispersion anisotropy

L(r ) luminosity density

1)} the velocity dispersions ofithe usuall kinematical tracer; stars, canionly be measured| out to)2Re.
: Fora given p(r), 6:(r); tworunknown remains: M(r), and [3() and one cannot:solve
Jeans equationifor both, unless.onelassumes: no rotation and ' makes: use ofithe 4th order:moment (kurtosis) of;
the velocity distribution (Lokas& Mamon 2005):

(



Napolitano etal. (2011)

(i) Adopt a simple smooth parametric function for the intrinsic

radial velocity dispersion profile:

r\""
or(r) = 0o [1 + (’_ +r0) ] .

where 0. 1. n are a minimalistic set of free parameters

(i) Assume a given anisotropy profile, often constant or
parametrized as a simple function:
) ) 51/2
piry=1-o0;/0,. BE) = Po

EEa)
Bo = 0.6 and & = r/ry with ry ~ 30arcsec

(ii1) Project the line-of-sight components of the 3D velocity dis-
persions o, and a4 for comparison with the line-of-sight velocity
dispersion data o ,5(R).

(iv) Iteratively adjust the free parameters in equation (2) to best
fit the model to the observed dispersion profile.

(v) Use the best-fitting model (equation 2) in the Jeans equation

2 H 2
or (dinj, ding;
— T 42

(dlnr T ame t P

where j,(r) is the spatial density of the PNe

(0) Parametrized mass profile, e.g. NFW

(i) Set up a multi-dimensional grid of model parameter

|
o
N

(2) ——— NFW + AC + 8()

—— NFW + 8()
—-—- NFW + B(MLOS
NEW + high B

Illllllllllllllll“:lll

11 |

Stelllai spheroidl NEW dakdhalo

space to explore, including /3 and the mass profile parame-
ters (1., ps.rs) or (T, ve,70).

(ii) For each model grid-point. solve the 27 and 4'h-
order Jeans equations.

(iii) Project the internal velocity moments to gjes and
Klos-

(iv) Compute the 2 statistics, defined as

Pi
s ob
apgs

(16)

Naata [ obs mod:| 2
Pi o —

i=1

where -p?bs are the observed data points (gos and Ko ),
PP the model values, and 6p2% the uncertainties on the

observed values, all at the radial position R;.




from Dekel, Stoehr, Mamon et al. 05, Nature
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r
Observed (symbols) and simulated (red curve) line-of-sight velocity dis&rsion ?)gofiles. Green curves predictions of Remanowsaigy et
al. (03), without and with dark matter. The simulations (by T. J. Cox) are binary mergers of spirals made of disk +bulge + gas +
dark-matter-halo. Red curve: mean line-of-sight velocity dispersion profile for the elliptical galaxy remnant, averaged over 10
simulations with different orbital parameters. Hashed: dispersion over the 10 simulations. The plot indicates that one can have
strongly decreasing line-of-sight velocity dispersion profiles despite the presence of dark matter. PMs (circles) and stars (crosses)
of the galaxies studied by Remmanewsiy are marked green (NGC 821), violet (NGC 3379), brown (NGC 4494) and blue (NGC 4697)
with 10 errors. Green lines: earlier models with (upper) and without DM
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Naive superposition of Sersic models for the stellar mass
componentof L=L* elliptical galaxies with hotgas (from X
rays) and central black hole (from the Magorrian relation),
plus Dark Matter models: NFW; Jing & Suto; Einasto
(Nav04).No adiabatic contraction.

StalSEU OIS LENTSICENRE



ELLIPTICALS: WHAT WE KNOW

A LINK AMONG THE STRUCTURAL PROPERTIES OF STELLAR SPHEROID
SMALL AMOUNT OF DM INSIDE Rg

MASS PROFILE COMPATIBLE WITH NFW AND BURKERT?

DARK MATTER DIRECTLY TRACED OUT TO Ry



Dwarf spheroidals: basic properties

The smallest objects in the Universe, benchmark for theory
L=2x10°Le —2x10"Ly o0g~T7—12kms™! 7y~ 130 — 500 pc

1. Apparently in equilibrium
2. Small number of stars
3. No dynamically significantgas
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DSPH: WHAT WE KNOW

PROVE THE EXISTENCE OF DM HALOS OF 10'° Mgyn AND po =10-21 g/cm3
DOMINATED BY DARK MATTER AT ANY RADIUS

HINTS FOR THE PRESENCE OF A DENSITY CORE ?



Density Profiles of Galaxy Clusters
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Measuring DM content in clusters

° . measure mass without regard to the dynamical state of the cluster.
Cannot distinguish between light and dark mass components, another mass tracer is needed to
disentangle luminous from dark matter

° radial arcs, located in positions corresponding to the

local derivative of the cluster mass density profile tangential arcs, the position of which is determined by the
projected mass density interior to the arc

- cluster galaxies (or stars of the BCG) as tracers of the potential.

dps(r)o2(r) N 20(7) pu ()2 ()  GMepc(r)pi(T)

9
r4

Osipkov-Merritparameterization ofthe anisotropy

2 () G ’706 d'r,p* (7‘, )ﬂjenc( 'T‘/) s —i/_j/_
ol(r) = —r—t Joenel J a7

(12 +72) py(r) ] 9 /'x B { R? | pu(r)oZ(r")r!

(R)= — > S A ALY
7p! (M./L)I(R) . r2 12| (772 — R2)1/2




*First detection around M87

*1971

IF: 1) isothermal spherical gas cloud in hydrostatic

equilibrium

2) volume density of galaxies King profile-> density

profile of X-ray emitting gas ~ isothermal B model : 3
-

For an ideal gas, P = —4/— kT B8 model Poas(r) = po| 1+ <F

pmy

R T vt ot et s e AP M Parameters determined by analysis of the X-ra
The equation of hydrostatic equilibrium is: = TP surface brightnessprofilez)btair?/ed rom X.ray y
image analysis and well approximated by

S AT — k2 ndp AT\ _ KT _r (_dlnp  dnT o\ —30+1
S0 ‘\[(‘] ) = Gumy p ( dr P r_ir) T opmyg G ( dinr dln ) ’ BN , o\ ) .
S(r) =50 I + ]_, +(

e

Therefore if an X-ray telescope provides p(r) and T'(r) for the gas, then we can infer the total mass distribution

‘\[(ll

| Roentgen Satellite X-ray Image
of Galaxy Cluster Abell 2319

1 Crude diagram of
cluster atmosphere

£ Pressure reaches
Ouh\ademssum for:te maximum in cluster
halances inward gravity ——
at every location within

the cluster




. Typically, the X-ray
image is split up into a series of circular, concentricannuli, with the spectrum of each annulus compared to a plasma model to infer

the gas density and temperature.
fit to several standard

parameterizations. This parameterized fitis then fed into equation for M(r), along with the temperature profile to calculate the enclose

mass profile.
,again fit to a standard paramaterization to facilitate the

hydrostatic equilibrium analysis.
. The open circles are the data points and the
lines are fits to the data, with the NFWprofile being a very good fit.

The upside down triangles show the contribution from the cluster gas mass. Note that the bright yellow band shows the possible
contribution from the cluster BCG,illustrating the need for an additional technique to accountfor and disentangle this important
mass componentin orderto understand the dark matter density pro.le. This .gure has been reproduced from Lewis et al. (2002,2003



Mass profiles from XMM-Newton

LR RL]
L LUt

Y%+

-
b

[ X O

Scaled mass profiles of all clusters. The mass is scaled to M200, and the radiusto R200, both values being derived from the best
fitting NFWmodel. The solid black line corresponds to the mean scaled NFWprofile and the two dashed lines are the associated
standard deviation.
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Gravitational Lensing

« Bending of light-rays passing through a gravitational field.

 Three classes: strong, weak, micro

:the photons move along geodesics in a strong gravitational potential which
distorts space as well as time, causing larger deflection angles. Original light source may appear
as aring around the massive lensing object )

...otherwise

: deflection through a small angle when the light ray can be treated as a straight line
(see figures), and the deflection as if it occurred discontinuously at the point of closest approach.
The shape distortion of background galaxies due to a foreground object (cluster) is used ig
determine the mass of the object (cluster) independent of dynamical assumptions.

How Circles would be Distorted

. if the mass of the lensing object is very small, one will merely observe a
magnification of the brightness of the lensed object.

Relative Dec (arcmin)

@remin,
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The deflection ang%relates a pointin the source plane Jlgfito its image(s)

in the image plane rough the

- Weak field limit v/c?

- Stationnary field tn/ toss o photons
- Thin lens approximation  Ligg/Lyencn
- Transparent lens

- Small deflection angle

between By — =t = B~
the unlensed and lensed 70!

coordinate systems k) 1 0 cos2¢ sin 2¢
01 sin2¢ —cos2¢

The term involving the convergence magnifies the image by increasing its
size while conserving surface brightness. The term involving the shear
stretches the image tangentially around the lens




convergence and
shear

Bz

81
ES

0 convergence only

e Image and source From the magnification matrix,

- K expresses an isotropic magnification. It transforms a circle
into a larger/smaller circle.

- ¥ is an anisotropic magnification. It transforms a circle into an
ellipse with minor and major axes :

b=1—x+y) ", a=0—x—y) "'




Definitions of Ellipticity [iE- g

e Weak Lensingregime: K << 1, 7] <<1 ]g]zf: 0 Therefore

Source orientation
Isotropically istributed

S\~ Image ellipticity unbaiased
<x >_O = (%) ’ 5 estimate of shear
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Galaxy Cluster Abell 2218 HST - WFPC2
NASA, A. Fruchter and the ERO Team (STScl) « STScl-PRC00-08

Mass reconstruction of the
Lensing cluster Abell 2218
(z=0.18)




Typical values:

* For a lens of 1 solar mass located at 1 AU and a source a 1 kpc

0= 0.003 arc-second

» For a lens of 10! solar masses located at 100kpc and a source at 300 kpc
0= 1 arc-second

o For a lens of 10% solar masses located at 1Gpc and a source at 3 Gpc

0,= 30 arc-second (sensitive to cosmological parameters)

- Typical value: cluster of galaxies of 1075 solar
masses at 1Gpc and sources at 2 Gpc :

2...— 0.5 g/cm?

crit

Comparison: typical mass density of a 1Mpc diameter
cluster, based on its galaxy light distribution:

2 jghes = 0.02 g/em?



Lensing equation for the observed tangential shear

*

Source plane

Y=+ l’)’x Shear= Tangential term+curl

3 __ C Dos
¢ 4nG D, D

Projected mass density of the
objectdistorting the galaxy

Mean projected mass $ —
density interior o
to the radiusR

A Observer




Lower luminosity ellipticals (left) and spirals (right

0.1 1
Mandelbaum et al 2009

HALOS EXTEND OU
TO VIRIAL RADII

1
R [h-'Mpc]
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Tangential shear measurements from Hoekstra et al. (2005) as a function of projected distance from the lensin five
R-band luminosity bins. In this sample, the lenses are at a mean redshift z ~ 0.32 and the background sources are,
in practice, at z=«. The solid (dashed) magenta line indicates the Burkert (NFW) modelfit to the data. At low luminosities they agree.
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Observational controversy: strong gravitational lensing

-i
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=033, B=3x LU= = el /3
F1G. 1.—The reconstructed total mass density in CL 0024 is shown as a color-coded mass image. The DM is shown in orange. The mass associated with visible

galaxies is shown in blue. The contours are at 0.5, 1, and 1.5 times the critical lensing density (4497 h d;%, M., pc?), with heavier contour at the critical lensing
density. This image is 336 # ' kpc across. North is up, and east is left.
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F16. 4.—A radial plot of the mass density and light density. Total (thick line) and galaxy-only (thin line) components of the mass are shown. The dotted line
is the best NFW fit discussed in the text, and the dashed line is the best-fit single PL model. The 35 /™" kpc soft core in the mass is evident. A singular mass
distribution is ruled out. The total rest-frame ¥V light profile (solid line) and galaxy V light profile (dashed line), smoothed with a 5 ™! kpc Gaussian, are also
shown.
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How to decide the mass profile using
gravitational lensing ?

One usually model the system using some
profiles (such as 1sothermal sphere or
NFW) and then try to generate arcs that
matches what are observed.




GavaZZ| et al. 2003
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Fig.5. Projected mean surface density. Solid: NFW best fit, dashed: IS. Notice how models match near the arcs
locations, Between 2.5 and 28 arc-sec, the mean convergences £ =< & > (0, 7) differ from each other by less than 3
percents. Faint discrepancies appear in the outer regions through weak lensing signal and at the very center. Constraints

due to the fifth image candidate are detailed in Sect. 3.4.3. The weak lensing data are deduced from the { -statistic.
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Fic. 8.—Best-fitting total density profile for the entire sample. The positions of the gravitational arcs and the range over which we were able to measure the
velocity dispersion profile are noted. Within <10 kpc the total density distribution is dominated by the BCG.
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Stellar Strong lensing Weak lensing
kinematics Dark matter:

B NFW

] ¢eNFW

Baryons:

Stars (BCG)
Hot gas (X-ray) -

Density [M, kpc™]

density profiles

inferred from (g) NFW fits to the combined data set. The BCG protile is also shown, using wne M, /L ratios inferred in the g]\_JFW model, along with the X-ray gas
profile provided by S. Allen (Section 5.3). For reference, the dashed line gives a gNFW extrapolation of the hot gas outside the range of the X-ray data.




9 Kinematics Er‘vﬂ%’ila Weak lensing 1 [ i
8f MS2137 \ A383 1 12f
[  —
T 1.0 {
6L 3 [ . :
: Cosf i
51 . i i
9 E 0.6 .
5o ghe < [ ]
g I Z 04l ]
% 7F : N
= 0.2fF ]
~ &l Yt P=-0.75, Py = 0.05 ]
o I [ B p=-057,P=0.18 R
= St 10 20 30 40 50 607

10 100

mmmm  Dark matter (QNFW)
2iziiin Dark matter (cNFW)
mmmm  Stars (BCG)

mmmm  Total mass

Newman et al. 2013

Effective radius of BCG R, [kpc]

10 1 60
Radius [kpc]

F1G. 3. Radial density profiles for the DM halo, stars in the BCG, and their total in each cluster, adopting the joint constraint
on log apur from Figure 2. The spatial extent of each data set is indicated at the top of each panel. The black line segment spans
/a0 = 0.003 — 0.03 and has the slope p oc =113 that is the average of clusters in the Phoenix DM-only simulations (Gao et al. 2012b)
over the same interval (Paper I, Section 10). The width of the bands indicates the uncertainty, including both 1o random uncertainties
for isotropic models and a systematic component estimated by taking Saniso = £0.2 (Section 4.3). Arrows at the bottom of each panel
indicate three-dimensional half-light radius rp, of the BCG.




THE SURPRISINGLY STEEP MASS PROFILE OF ABELL 1689 FROM A LENSING ANALYSIS OF SUBARU IMAGES!

TOM BROADHURST?, MASAHIRO TAKADA® KEIICHI UMETSU™. XU 13<0NGS, NOBUO ARIMOTO” . MASASHI CHIBA®, TOSHIFUMI
FUTAMASE

Diaft version June 30, 2005

ABSTRACT

Subaru observations of A1689 (z = 0.183) are used to derive an accurate. model-independent mass profile for
the entire cluster. » = 2Mpc//. by combining magnification bias and distortion measurements. Lhe projected
mass profile steepens quickly with increasing radius. falling away to zero at » ~ 1.0Mpc//. well short of the
anticipated virial radius. Owur profile accurately matches onto the inner profile. » = 200kpc/ /. derived from
deep HST/ACS images. The combined ACS and Subaru information 1s well fitted by an NFW profile with
wvirial mass. (1.93 = 0.20) =< lOlsMo, and surprisingly high concentration. ¢y iy = 13.7:%:‘}, significantly larger
than theoretically expected (cuvir == 4). corresponding to a relatively steep overall profile. A slightly better fit 1s
achieved with a steep power-law model. d log>(8) /d log® ~ —3_ with a core 0. =~ 1.7 (3« =~ 210kpc/ /). whereas
an isothermal profile is strongly rejected. These results are based on a reliable sample of background galaxies
selected to be redder than the cluster E/SO sequence. By including the faint blue galaxy population a much
smaller distortion signal 1s found. demonstrating that blue cluster members significantly dilute the true signal
for »» = 400kpc//. This contamination is likely to affect most weak lensing results to date.

Subject headings: cosmology: observations — gravitational lensing — galaxies: clusters: individual(Abell 1689)
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FIG. 3.— Reconstructed mass profile. The triangle and square symbols with error bars show the results from the ACS strong lensing analysis (B04) and
the Subaru weak lensing analysis (this work), respectively. The dashed and solid curves show the best-fitting NFW profiles for the ACS data alone and for
the combined ACS+Subaru profile, respectively. The best-fitting NFW profile for the ACS+Subaru profile has a high concentration, ¢y =13.7, and somewhat
overestimates the inner slope and is a bit shallow at large radius. A cored power-law provides a better fit to the full projected mass profile. The inset plot shows
the 68%, 95% and 99.7% confidence levels in the (cyir. Mysr) plane for the ACS+Subaru NEW fitting (Ax* =2.3, 6.17 and 11.8).




Donnarumma et al. (2011) A611: Chandra X-ray data+ lensing. Central mass
reconstructed through parametric analysis of the SL system with the software Lenstool

50 300

Projected 2D mass profiles obtained with the X-ray (red solid line) and with the strong lensing analyses when modelling the BCG
as a dPIE (green dashed line) or a Sérsic halo (blue dashed line). The vertical lines mark the spatial range of the strong lensing (black dotted line)
and X-ray (red solid line) constraints. The X-ray (strong lensing) profile was derived by measuring the enclosed mass in cylinders centred on the
X-ray emission centroid [BCG].

S ' I - AS d wmpamon we
report the estimates of the projected total mass within 250 kpc obtained by Richard et al. (2010) through a stron0 lensing analysis (label SL-R09,

marked with a filled black circle) and through an X-ray analysis by Sanderson et al. (2009a) (label X-ray-S09. marked with a filled oran
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