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Rotation curves: historical evidence for DM

. . ¢ i T T 7 T T 1 T T
~ NGC 3198: Optical + HI map , . | l ]
5 4 _ TR NGC 3198

AT SR R R Y I BN BN R N A A SN A

10 20 30
Radius (kpc)

Classic Approach:

- Assume spherical DM halo: p = p(r)
. 5 | - Rotation curve fit with 3 parameters:
Van Albada+1985 . - L P, . (DM halo) and M,/L (stars)

Vzobs - M*/L ° sttars + Vzgas + VZDI\/I(pO’ rs)
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Outline

|. The SPARC Galaxy Database

Il. The Radial Acceleration Relation (RAR)

I1l. Models in LCDM and Open Problems
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Spitzer Photometry & Accurate Rotation Curves .,

Database for 175 Late-Type Galaxies at z~0
(spirals and dwarf irregulars):
astroweb.case.edu/SPARC
Lelli, McGaugh, Schombert 2016, AJ
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Spitzer Photometry & Accurate Rotation Curves

e Hl+Ha Rotation Curves from Literature

- 30 years of radio and optical observations

- PhD theses from the University of Groningen

Begeman 1987; Broeils 1992; Verheijen 1997; de Blok 1997;
Swaters 1999; Noordermeer 2005; Lelli 2013 + other studies
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e Hl+Ha Rotation Curves from Literature

- 30 years of radio and optical observations

- PhD theses from the University of Groningen

Begeman 1987; Broeils 1992; Verheijen 1997; de Blok 1997;
Swaters 1999; Noordermeer 2005; Lelli 2013 + other studies

e Homogeneous Photometry at 3.6 jum
- Optimal tracer of the stellar mass: M, = Y, L

- Smaller variations of Y, in the NIR than optical

Verheijen 2001; Bell & de Jong 2001; Martinsson+2013; Meidt+2014;
McGaugh & Schombert 2014; Schombert & McGaugh 2014;
Querejeta+2015; Rock+2015; Herrmann+2016; Norris+2016.
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Widest possible range of disk properties

Basically any known galaxy
type with a rotating HI disk.

. LY A N ‘-
k| - i d s

0.1

Dwarf Irrs ~5 dex Spirals |
10° 10° 10'° 10" 10%*F,,

L,[Lg)
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Example: High-Mass, High-Density Spiral

UGC03546 (Q =1)
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- Vertical Structure:
Disks: exp(-z/h,) with h,«hgp
Bulges: spherical symmetry
- Stellar mass-to-light ratio:
Y = 0.5 My/L, for disks
Y = 0.7 My/Ly for bulges

Rotation Velocity (km s 1)
()]
o

Radius (kpc)

Federico Lelli (ESO Fellow) The tight coupling between baryons and DM in Galaxies



Example: Low-Mass, Low-Density Dwarf

_UGCA442 (Q =1)
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- Vertical Structure:
Disks: exp(-z/h,) with h,«hgp
Bulges: spherical symmetry

Rotation Velocity (km s™')

- Stellar mass-to-light ratio:
Y = 0.5 My/L, for disks
Y = 0.7 My/Ly for bulges

Radius (kpc)
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Spitzer Photometry & Accurate Rotation Curves

. Basic Data & Structural Relations: Lelli+2016a, AJ

. Baryonic TF Relation: Lelli+2016b, ApJL

. Central Density Relation: Lelli+2016c¢, ApJL

. Radial Acceleration Relation (I): McGaugh+2016, PRL
. Radial Acceleration Relation (Il): Lelli+2017a, ApJ

. Testing DM Halo Profiles: Katz+2017, MNRAS

. Testing Emergent Gravity: Lelli+2017b, MNRAS

8. Radial Acceleration Relation (lll): Li+2018, A&A

~N OO O A W DN P
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Spitzer Photometry & Accurate Rotation Curves

1. Basic Data & Structural Relations: Lelli+2016a, AJ

2. Baryonic TF Relation: Lelli+2016b, ApJL

3. Central Density Relation: Lelli+2016c¢c, ApJL

4. Radial Acceleration Relation (1): McGaugh+2016, PRL
5. Radial Acceleration Relation (I1): Lelli+2017a, ApJ

6. Testing DM Halo Profiles: Katz+2017, MNRAS

/. Testing Emergent Gravity: Lelli+2017b, MNRAS

8. Radial Acceleration Relation (lll): Li+2018, A&A
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Il. Radial Acceleration Relation
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Radlal Acceleratlon Relatlon (RAR)

~27()O 1ndependent
points at different R

For all galaxies:

Y =0.5My/L,

disk

Y — 0.7 MO/LO

bulge

McGaugh+2016, PRL
Lelli+2017, ApJ

-1I ~10 ‘ Baryonic Force:
log(gp,,) [m s7%] Vi JR=-VO

ar bar

Total Acceleration: V2 /R = -VO® VO = 4nG p

bar
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Radial Acceleration Relation (RAR)

gobs:gbar

For all galaxies:

Y. =0.5My/L

d

Y, e = 0.7 Mo/Lo

bul

— MOND-inspired fnc: |
gobs: gB.ar gO p

g, = g bar McGaugh+2016, PRL
' JF obs (LRI | cli+2017, ApJ

-11 ~10 -9 Baryonic Force:
log(gp,,) [m s7%] Vi JR=-VO

. ar bar

Total Acceleration: V2 /R = -VO® VO = 4nG p

bar

Federico Lelli (ESO Fellow) The tight coupling between baryons and DM in Galaxies



Very different galaxies but ONE relation

Bulge—Dominated Spiral (NGC7814) Disk—Dominated Spiral (NGC6503)  Gas—Dominated Dwarf (NGC3741)
300 T I

250 120 50
100
200 . 40
. 80
150 ) 30
60

100 ' 20

']

40

Rotation Velocity [km s

s 2]

log(g,ps) [m

-11 -10 -11 -10 -9 -11 -10 -9

10g(gpy,) [m s~ 10g(8sr) [m s °] 10g(8sr) [m s °]

Vzbar /R= _vq)bar McGaugh, LELLI, Schombert (2016)

VO = 4nG p

bar
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Very different galaxies but ONE relation

Bulge—Dominated Spiral (NGC7814)
300

']

250
200
150
100

Rotation Velocity [km s

s 2]

log(g,ps) [m

-11 =10
log(gbar) [m s

Disk—Dominated Spiral (NGC6503)  Gas—Dominated Dwarf (NGC3741)

50
40
30
20

-11 -10 -9 -11 -10 -9

10g(8sr) [m s °] 10g(8sr) [m s °]
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Vzbar /R= _vq)bar McGaugh, LELLI, Schombert (2016)

VO = 4nG p

bar
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Very different galaxies but ONE relation

Bulge—Dominated Spiral (NGC7814)
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50 IIIIII
40 III

30
20

-11 -10 -9 -11 -10

10g(8sr) [m s °] 10g(8sr) [m s °]

Federico Lelli (ESO Fellow)

Vzbar /R= _vq)bar McGaugh, LELLI, Schombert (2016)

VO = 4nG p

bar
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Building up the Radial Acceleration Relation

Large Diversity in Rotation Curves

NGC7814

Regularity in Acceleration Plane

log(M, /M ) =10.59
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18 points

Radius [kpc]

Lelli et al. (2017), ApJ
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Building up the Radial Acceleration Relation

Large Diversity in Rotation Curves

NGC7814

Regularity in Acceleration Plane

log(M, /M ) =10.59
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Lelli et al. (2017), ApJ
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Is There Any Intrinsic Scatter?

-8
2693 points Uncertainties drive scatter!
gl
o err(g,.) — Y., 3D geometry
EEl err(g.,.) — Dist, Inc, V__
5 . 2= ¢ 2 )
-1y i | Oos ~ Yerr + Oint
§ 100
e Ll O . — measured rms
g sl Q i e diE obs
Residuals [dex]
—12 11 ~10 9 . - '
log(gn) ms-?] O... error propagatlon
= 06 | | | ' : .
A o, .— consistent with zero!
’?‘E 0.0l..... n— W AAAAAAAAAAAAAAAAAAAAAAA
Y _p3| T
% 0.6 |

~12 S ~10 —9
log(gpar) (ms™?]

McGaugh+2016, PRL; Lelli+2017, ApJ
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MCMC Fits to Indlwdual GaIaX|es

NGC2841
YTy = 0.81 + 0.05 |
T puge = 0.93 + 0.05
D = 15.5 + 0.7 Mpc |
i=822+5.3"°
x2 = 1.515

Distance

Iog(gt)hs) [mls?.]

Inclination
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Radius [kpC] |0g(ghﬂr) [m/SE] disk Distance Inclination Vs

Fit the mean relation to individual galaxies
marginalizing over D, I, Y, and Y, ,

Gaussian priors on free parameters with 0=0
Li, LELLI, McGaugh, Schombert 2018, A&A

err
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MCMC Fits to Individual Galaxies

=] ~10 ' 6 =04 —02 00 02 0.4 06
l0g(gy,,) [m/s?] Residuals [dex]

Extremely tight relation: 0_, . = 0.057 dex (~13%)

Not trivial because D, i, and Y, are global prop!

Residual best-fitted by two Gaussians:
it can be explained by two error sources in V_|!
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OK. This works for
star-forming galaxies...

What about passive
onhes (ETGs)?
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Radial Acceleration Relation for ETGs

- 240 Galaxies

Massive Ellipticals:
d.,. from hot X-rays haloes

In hydrostatic equilibrium
(Humprey+2006,2009,2012)

X—ray ETGs
Rotating ETGs
Binned LTGs ||

Dwarf Spheroidals:
g.,. from stellar kinematics +

Jeans Spherical Models
Binned dSphs (many many references...)

Lelli+2017, ApJ
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Radial Acceleration Relation for ETGs

- 240 Galaxies

Massive Ellipticals:
d.,. from hot X-rays haloes

In hydrostatic equilibrium
(Humprey+2006,2009,2012)

X—ray ETGs
Rotating ETGs
Binned LTGs ||

Dwarf Spheroidals:
g.,. from stellar kinematics +

Jeans Spherical Models
Binned dSphs (many many references...)

Lelli+2017, ApJ
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We can infer the DM profile empirically only

from the baryons with a ~30% accuracy!

From the observations: g,,=9.,.—9;,.=F (gbar)

2
For a spherical DM halo: MDM(R):REF(gbar>

R2 gbar

For our fiducial fitting F: M, (R)=
G exp(Vgpa,/go)—1
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We can infer the DM profile empirically only

from the baryons with a ~30% accuracy!

From the observations: g,,=9.,.—9;,.=F (gbar)

2
For a spherical DM halo: MDM(R):REF(gbar>

— R2 gbar
G exp<\/gbar/90)_1

“Cusp-Core” Is just a symptom of a more serious illness:

For our fiducial fitting F: M ,,,(R)

Baryon-DM coupling at each radius (not just the center).

No freedom to fit arbitrary DM halos!
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lll. Models in LCDM
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The RAR from Hydrodynamic Simulations

MBII : McGaugh Fit (Eq. 1) MUGS2 simulations:
EAGLES (Ludlow+16) Keller & Wadsley 2017

MBII Full disk sample
SPARC sample (McGaugh+16) p il EAGLE+APOSTOLE:

. Ludlow et al. 2018

/ —a Observed | MassiveBlack II:
Relation | EEEEREIRE: Y40k

I
—
-]

ZOMG simulations:
Garaldi et al. 2018

co
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In Summary:

Measurements
S

- RAR is reproduced
but shape is a problem

()
T

207205 0.0 035 10| .
Residuals [dex] - Sims have too much
DM inside galaxies at

—12 A ~10 —9 ; 00
Tenneti+2018 log(gbar)[m/sz] every radius ( )
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The RAR from Hydrodynamic Simulations

MBII : McGaugh Fit (Eq. 1)
EAGLES (Ludlow+16)

MBII Full disk sample

SPARC sample (McGaugh+16)

A

74

——a Observed |

Relation

MUGS2 simulations:
Keller & Wadsley 2017

EAGLE+APOSTOLE:
Ludlow et al. 2017

MassiveBlack II;
Tenneti et al. 2018

OBSERVATIONS: g, =1.20 £ 0.24 (sys) x 10*°m s

Federico Lelli (ESO Fellow)
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The RAR from Hydrodynamic Simulations

MBII : McGaugh Fit (Eq. 1) MUGS2 simulations:
EAGLES (Ludlow+16) Keller & Wadsley 2017

MBII Full disk sample
SPARC sample (McGaugh+16) p EAGLE+APOSTOLE:

. Ludlow et al. 2017

“— a Observed | MassiveBlack II:
Relation Tenneti et al. 2018

OBSERVATIONS: g, =1.20 £ 0.24 (sys) x 10*°m s

EAGLE: g,=2.6 X 10" m s* — 5.80 discrepancy
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The RAR from Hydrodynamic Simulations

MBII : McGaugh Fit (Eq. 1) MUGS2 simulations:
EAGLES (Ludlow+16) Keller & Wadsley 2017

| —— MBII Full disk sample J
— SPARC sample (McGaugh+16) p EAGLE+APOSTOLE:

s

. Ludlow et al. 2017

L~

=

B ~—a Observed | MassiveBlack Il:
Relation Tenneti et al. 2018

OBSERVATIONS: g, =1.20 £ 0.24 (sys) x 10 m s~
EAGLE: g,=2.6 X 10" m s* — 5.80 discrepancy

MassiveBlack II: g, =2.0 x 10 m s* — 3.30 tension
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The RAR from Hydrodynamic Simulations

MBII : McGaugh Fit (Eq. 1) MUGS2 simulations:
EAGLES (Ludlow+16) Keller & Wadsley 2017

| —— MBII Full disk sample J
— SPARC sample (McGaugh+16) p EAGLE+APOSTOLE:

s

. Ludlow et al. 2017

L~

=

B ~—a Observed | MassiveBlack Il:
Relation Tenneti et al. 2018

OBSERVATIONS: g, =1.20 £ 0.24 (sys) X 10 m s~
EAGLE: g,=2.6 x 10" m s* — 5.80 discrepancy
MassiveBlack II: g, =2.0 x 10 m s* — 3.30 tension

Z/OMG: g,=1.4x10"m s* - ~10 agreement
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RAR from Semi-Empirical Analytic Models

Di Cintio & Lelli (2016): RAR-like relation emerges In
ACDM once we impose 4 basic scaling relations:

1) M_— ¢ from N-body simulations
2) M,— M, from abundance matching
3) M,— R, from observations

4) M,—M_,, from observations
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RAR from Semi-Empirical Analytic Models

Di Cintio & Lelli (2016): RAR-like relation emerges In
ACDM once we impose 4 basic scaling relations:

1) M_— ¢ from N-body simulations
2) M,— M, from abundance matching
3) M,— R, from observations

4) M,—M_,, from observations

Existence of the RAR Is not a problem per se.
Real problem is the RAR tightness: all these relations
have significant intrinsic scatter! Where does it go?
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RAR from Abundance-Matching Models
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Federico Lelli (ESO Fellow)

| |

Fir:iucial Mﬂ‘i mode]
50% high-c haloes removed

AR4 anticorrelates with Ac
Dat

Desmond (2017):

1- Take N-body sims
and assign each
SPARC galaxy into
a DM halo using AM

2- For each galaxy,

it = Gbar T Yo

taking observed
spatial sampling and
errors into account

3- Repeat N-times
perturbing M, to
account for variance
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RAR from Abundance-Matching Models
Desmond (2017):

1- Take N-body sims

and assign each

AR4 anticorrelates with Ac SPARC galaxy into
Dat a DM halo using AM

| |

Fir:iucial Mﬂ‘i model

50% high-c haloes removed

2- For each galaxy,

Biot = Gbar T Yo

taking observed
spatial sampling and
errors into account
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3- Repeat N-times
perturbing M, to

account for variance
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RAR from Abundance-Matching Models
Desmond (2017):

1- Take N-body sims

| | . | I |
| | Fiducial AM model
- 50% high-c haloes removed

AR, antirarralatac with Ar

r

MEMO: O'totz =0

2 _|_ O 2
int
If the errors turn out to be under-estimated,
the discrepancy will increase!

CTCIITUIO 111U AauuUUuUl Il

3- Repeat N-times
perturbing M, to

account for variance
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Conclusions:

- Local, tight coupling between baryons

and DM In galaxies over ~5 dex In mass.

- There is an acceleration scale in galaxies.

If you like numerology: g,~cH,~10"° m s™.
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Questions?
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Residuals vs Local Galaxy Properties
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Residuals vs Global Galaxy Properties

Residuals (dex)
Residuals (dex)

'0—(|).3 Ol.O O|.3 O|.6
10g(Reff) [kpc]
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Alternative versions of the RAR

T4 =0.5, Ly =0.7

-12 -11 -10 -12 -11 -10 -12 -11 -10
log(gbar) [Hl 872] log(gbar) [Hl 872] log(gbar) [Hl 872]

—-11

—-12

—-13
-3 -2 -1 0 1 2

log(g,) ms* log(Zgis) M pe?]
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Spitzer [3.6] Photometry: Stellar Mass

V-band: factor ~15

Bell et al. (2003)

Portinari et al. (2004)
Zibetti et al. (2009)

Indo & Portinari (2013) @2

$

Y.-color relations from SPS models (McGaugh & Schombert 2014)

e 1, shows smaller variations at [3.6] than optical bands

e Details depend on SPS model and assumed IMF
e Most recent models: T, . is nearly constant for LTGs

(Meidt+2014; Schombert & McGaugh 2014; Norris+2016)
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Dwarf Spheroidals (dSphs) in the Local Group

Satellites of MW and M31.:
extremely low masses, sizes,

densities, and accelerations!

"Classical" dSphs discovered
between the '40 and the '80.

e Xray ETGs (Giant E) - well-studied properties

& Atlas®®ETGs (Disky E and S0)
@ SPARCLTGs (S and dlrr)
@® Local Group dSphs

"Ultrafaint" dSphs discovered
during the past ~10 years with
SDSS, DES and other surveys

— properties remain uncertain

Lelli+2016d
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Open Problems for ACDM models:

1. Why Is the RAR scatter so small?

Is this consistent with stochastic hierarchical merging?

2. Why Is the RAR low-acceleration slope ~0.5?
gobs=\/(g0gbar) = Vi = Ivlbar/ (goG) — Observed BTFR

flat

Whatever sets the RAR should also set the BTFR.

3. Why an acceleration scale? What sets its value?
Different roles of g : baryon-to-DM transition (RAR)

& global baryon-to-DM content (BTFR)!
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