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Why studying the Tully-Fisher relation?

1. Empirical tool to measure galaxy distances

— Measure H, and peculiar velocities (galaxy flows)

Need: Large galaxy samples (low-resolution HI surveys)
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Spatially Integrated HI Observations

HI Flux (m]y)

Line-of-Sight Velocity (km/s)
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Spatially Integrated HI Observations

Rotation!

HI Flux (m]y)

Line-of-Sight Velocity (km/s)

- HI Line-Width: W, (20% of peak flux) = 2 <V_ > sin(i)

Federico Lelli (INAF) The Tully-Fisher Relation



Spatially Integrated HI Observations

Systiemic

Velé)city

HI Flux (m]y)

Line-of-Sight Velocity (km/s)

- HI Line-Width: W, (20% of peak flux) = 2 <V_ > sin(i)
- Systemic Velocity / Redshift: z = V__/c for low z
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Spatially Integrated HI Observations

HI Flux (m]y)

Line-of-Sight Velocity (km/s)

- HI Line-Width: W, (20% of peak flux) = 2 <V_ > sin(i)
- Systemic Velocity / Redshift: z = V__/c for low z
- Total HI flux / HI mass: M, = 236 d,? [Mpc] S, [m]Jy km/s]
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The Classic Tully-Fisher (TF) Relation

Tully & Fisher (1977)

100 km/s 200 km/s 400 km /s 700 km/s
LOG AV(o)

Absolute Magnitude (« Distance?)

HI Line-Width (Distance Independent)
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The Classic Tully-Fisher (TF) Relation

STEP 1:
Calibrate TF relation using

galaxies with known distance
(from Cepheids, TRGB, etc.)

100 km/s 200 km/s 400 km /s 700 km/s
LOG AV(o)

Absolute Magnitude (« Distance?)

HI Line-Width (Distance Independent)
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The Classic Tully-Fisher (TF) Relation

STEP 1:
Tully & Fisher (1977) . Calibrate TF relation using

galaxies with known distance
(from Cepheids, TRGB, etc.)

STEP 2:
Measure HI line-widths
& apparent mags from

radio & optical/IR surveys

100 km/s 200 km/s 400 km /s 700 km/s
LOG AV(o)

Absolute Magnitude (« Distance?)

HI Line-Width (Distance Independent)
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The Classic Tully-Fisher (TF) Relation

STEP 1:
Calibrate TF relation using

galaxies with known distance
(from Cepheids, TRGB, etc.)

STEP 2:
Measure HI line-widths
& apparent mags from

radio & optical/IR surveys

STEP 3:
Infer distances for large
galaxy samples (< 300 Mpc)

100 km/s 200 km/s 400 km/s 700 km/s _
LOG AV (o) - H,= 80 km/s/Mpc

Absolute Magnitude (« Distance?)

HI Line-Width (Distance Independent) (Tully & Fisher 1977)
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Classic Applications of the TF relation

1 - Hubble constant
V =H d +V__ atlowz
VS 0 L pec

S
H,= 75.0 +/- 2.0 km/s/Mpc (Tully+16)
H,=75.1 +/- 2.3 km/s/Mpc (Schombert+19)

H,= 75.5 +/- 2.5 km/s/Mpc (Kourkchi+22)
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Why studying the Tully-Fisher relation?

1. Empirical tool to measure galaxy distances

— Measure H, and peculiar velocities (galaxy flows)

Need: Large galaxy samples (low-resolution HI surveys)

2. Empirical baryon-DM coupling in galaxies
— Test galaxy formation models in LCDM & alternatives

Need: High-resolution HI surveys (small galaxy samples)
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Luminosity and HI linewidth are
proxies for more fundamental
physical quantities!

Objective: find the quantities that

give the tighter relation
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Optical/Near-IR Luminosity — Stellar Mass

Stellar-Mass TF Relation

log (W,,,/2)
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Optical/Near-IR Luminosity — Stellar Mass

Stellar-Mass TF Relation

log (W,,,/2)

Federico Lelli (INAF) The Tully-Fisher Relation



Baryonic Mass (stars+gas) is the key!

Stellar-Mass TF Relation Baryonic TF Relation

10®

lgg (WHI/Z) McGaugh+2000 1()g (WHI/Z)

]
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What’s the HI line-width really measuring?

The HI line profile depends
on X~ (R), V_ (R), inclination!

HI Flux (m]y)

Need to spatially resolve HI
distribution and kinematics!

Line-of-Sight Velocity (km/s)
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Rotation Curve:
V_.. vs Radius

Velocity Field:

Vl.o.s. % Vrot Sin(i) COS(@)

Major-Axis PVD:
V_.sin(i) vs Radius

Global HI profile:

Cimatti, Fraternali, Nipoti (2019)
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BTER for different velocity definitions

123 galaxies

o, =0.026£0.007
§=3.85+0.09
I1=1.994+0.18

0.0

I

15 2.0 25 3.0
log(Vf) [kms ™|

153 galaxies

o =0.040 0. 006
§=3.52+0.07
1=2.59+0.15
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148 galaxies

o, =0.035£0.005
§=3.75+0.08
1=1.994+0.18

0.0
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o, =0.035=£0.006
§=3.62£0.09
1=2.33+£0.20

15 2.0 25
log(Wpao/2) [kms™]

3.0 0 15 20 25 3.0
log(Whso/2) [kms™!]
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o, =0.054 £0. 006
§=3.14%0.08
1=3.54+0.16
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01 =0.070£0.007
$=3.06£0.08
I1=3.75£0.17

1.5 2.0 2.5
log(Var,) [kms ']
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log(Va. ) [kms ']

Lelli+2019
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L 5=3.85+0.09

123 galaxies
o, =0.026£0.007
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BTER for different velocity definitions

The mean rotation velocity along flat part
(V) gives the tightest and steepest BTFR!

(Verheijen 2001; Noordermeer & Verheijen 2007;
McGaugh 2005; Ponomareva+2017; Lelli+2019)

Counter intuitive: Baryons important near
the center but M, best correlate with V.

(mostly set by the dark matter halo)!
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142 galaxies

o, =0.054 £0. 006
L $=3.1440.08
1=3.54+0.16

| s=3.06+0.08

148 galaxies
01 =0.070£0.007

I1=3.75£0.17
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Baryonic TF relation in a ACDM context

From basic arguments (McGaugh 2012):

M,= GH fbfv‘3
b

fb:E fv=
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Lelli+2016, 2019
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Baryonic TF relation in a ACDM context

From basic arguments (McGaugh 2012):

M,= \F A GH. f,,fv‘3

fb:E fv=

VA
Simplest working hypotheses:

fb:fcosmiC:Qb/Qm From CMB

fV =0 ( 1) OK for most halo profiles
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Baryonic TF relation in a ACDM context

From basic arguments (McGaugh 2012):

123 galaxies ; 2 | | \/—
- M -3y
Y. | GH fol vV

fb:E fv=

VA
Simplest working hypotheses:

fb:fcosmiC:Qb/Qm From CMB

fV =0 ( 1) OK for most halo profiles

=
"))
)
©
=
=
c
o
>
-
©
m

To get lower normalization:

o f,<f.\p — Missing baryons problem
Vertical intrinsic

," scatter i1s only ~25%!

10’ i Ul [ must systematically vary with V,
Rotation Velocity (km/s) - | |

Lelli+2016, 2019 — fine-tuning problem for ACDM!

To get slope of about 4:
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BTFR from semi-empirical ACDM models

Scatter is 3.60 too high!
0.14 T T

012

] " Model
10G(Mp/Mgyn)>9.5

0.1 — Data

0.08
0.06
0.04
0.02

o B

1 |
%. 0.04 0.06 0.08 0.1 0 e,
SBTFR

\ | I Curvature is 30 too strong!
85 9 95 10 105 11 11.5 0.25 : ”

10910(Mp/Msyn) M= Model
Desmond (2018) o S

Scatter on BTFR should emerge from — Data
- Scatter in f, =M, /M.,

(galaxy formation is stochastic!)
- Scatter in f =V/V,

(halo properties, e.g., M, -C,,, relation)
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Slope~4 = Acceleration Scale

O
<~

~
SR

72 | 7
10—11 10—10

McGaugh+(2018, Nature Astronomy) —
Lelli (2022, Nature Astronomy) gT <m S )

On dimensional grounds: g, = V*/ (G M,)
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Slope~4 = Acceleration Scale

S | MOND a, constant (Milgrom 1983a,b,c) :

|

o 5
—

O-llnllnl 1 { 1
T 1o 10

McGaugh+(2018, Nature Astronomy) —
Lelli (2022, Nature Astronomy) gT <m S )

On dimensional grounds: g, = V*/ (G M,)
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Take-home points on the TF relation

1. Empirical tool to measure galaxy distances

— H =~ 75 £ 2 km/s/Mpc (Tully+16, Schombert+19, Kourkchi+22)

— Galaxy flows: mass distribution within 200 Mpc (Graziani+19, Kourkchi+20)
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Take-home points on the TF relation

1. Empirical tool to measure galaxy distances

— H =~ 75 £ 2 km/s/Mpc (Tully+16, Schombert+19, Kourkchi+22)

— Galaxy flows: mass distribution within 200 Mpc (Graziani+19, Kourkchi+20)

2. Baryonic TF relation (M, vs V) 1s most fundamental

— Link between baryons and DM 1n galaxies (McGaugh+2000, Verheijen+2001)
— Small intrinsic scatter (25%): fine-tuning problem in ACDM (Lelii+2016)
— Slope = 4: Acceleration scale of ~10'm/s? (McGaugh+2018, Lelli 2022)

— Consistent with a-priori predictions of MOND (Milgrom 1983a,b,c)
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More Slides
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Peculiar Velocities & Hubble Constant
V =(V_-Hd)/(1+Hd/) %

pec
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Fix Q andQ, (or equivalently q ), vary H and get different V__
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HI distribution and kinematics

Optlcal + HI Distribution ~ HI line-of-sight velocit HI velocity "dispersion"
NGC 3198

How to derive a rotation curve:

- Divide galaxy into a set of concentric rings
- Deprojection from sky plane to galaxy plane

Vios. = Vgys + Vot sin(i) cos(0)

disk inclination angle
azimuthal angle
= systemic velocity

|
0
cos(0) = fnc(center, position angle) Vey

Federico Lelli (INAF) The Tully-Fisher Relation



BTER for different velocity definitions

123 galaxies ;
| Caweon (8t | Why M -V, relation is steeper?

1=1.99+0.18

Rotation curve shapes!
At high M, : declining RCs >V, _>V__
At low M, : rising RCs - V. < V__

Inner velocities give shallower BTFR

15 2.0 25 3.0
log(Vf) [kms ™|

153 galaxies 142 galaxies 148 galaxies

o1 =0.040 £ 0. 006 oy o1 =0.054 +0.006 .‘f‘_‘a’ o, =0.070£0.007
| 5=3.5240.07 | | 5=3.14+0.08 | [ 5=3.06+0.08
I=2.59+0.15 I1=3.54+0.16 & Ll I=3.75+0.17

15 20 25 3.0 0 15 20 25 3.0
log(Var,) [kms ] log(Va.2) [kms™] Lelli+2019
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The Stellar Mass Function Problem

maximum efficiency

Bell et al. 2003 SMF
« Millennium Sim (AL, - i)

102

| | |
9.0 0.0 10.0 10.5 11.0 11.!
l“{l;“](ﬂf[ﬂf. ]:|

A constant M,/M, cannot reproduce
the observed stellar mass function!

Basics of Abundance Matching (AM):

- Order galaxies and halos by mass

- Assign the most massive galaxy to
the most massive halo, and so on.

- Derive M,-M, relationship

Federico Lelli (INAF)

log (M,/M,)

Moster+2010
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BTFR trom hydrodynamical simulations

If we could measure hot gas... What we can actually measure!

v
.
-
-

" STARS+NEUTRAL GAS
L b=3.97+0.09."
_0=021“,,. .

" ALL BARYONS .
L b=3.11+0.07..- g%

: ‘g @

g b
0.18 3.51

0.11 2.93
I|IIII| 1 |

50 100 500 50 100 500
Vio/[km s7] Vi/ [k s77]

0.08 3.08

NIHAO zoom-in cosmological simulations of galaxy formation (Dutton+2017)
BTFR curvature has almost disappeared and the scatter is small.
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