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Distance measures and cosmology

» | will admit that i get very confused about this, but ...
...therightthingtodoistouse: D, = D, (1 + z,,.)

from astropy.cosmology 1mport FlatLambdaCDM
cosmo = FlatLambdaCDM(HO=/70., Om0=0.3) # make your choice

Z cosmo = convert helio to cmb frame(z obs) # <-- you do :(

D CM = cosmo.comoving distance(z cosmo) # okay
D L = cosmo.luminosity distance(z cosmo) # <-- no!
el = DeCl = (1. + Z.0bS) # < - -



And | forgot to say the most important bit about dipoles!

» Peculiar velocities/bulk tlows create
a random/systematic distance error.

» The signature of a dipole is a directional
boost/dampening of observed luminosities.

» This is most simply seen as a directional
excess/deficit of source counts.
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As astronomers, what can we measure?

surface brightness
... and ... nope, that's it!

okay, S}o

* a.f.o. position:
- integrated (total?) flux
- size, shape, orientation, etc.

* a.f.o. wavelength:
- physical processes
- line-of-sight velocity

* a.f.o. time:
- variability; reverb. mapping, etc.
- microlensing!
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. mass from luminosity
. mass from dynamics
. mass from gravitational lensing

. mass from clustering



SEEIEE MASS
lum1n081ty
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If you understand (ie, if you can model):
1. the emission mechanism(s), and
2. the process of radiative transfer/absorption,

then you can estimate the amount of material
needed to produce the observed luminosity.



eslsgsans HI masses
m 21 cm line emission

hypertine splitting
of the ground state.

collisionally excited
-+ long (107 yr) lifetime
=) Boltzmann distrib.

cooling etficiency
=) T ~ 104 K.

no self—absorption:
no dust attenuation.

imadge souvce: wikipedid commowns _
e —



Béisasane HI masses
m 21 cm line emission

— 2.36 x 10°
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[f you understand (ie, if you can model):

1. the emission/absorption mechanism(s), and
2. the process of radiative transfer,

naee th&f atount ofmial
8 thedobs lumihosity.




the colour-magnitude diagram
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SSPs: simple/single-age
stellar populations

theoretical stellar evolution tracks for individual stars
(Bruzual & Charlot 2003; Maraston 2005; PEGASE):

stellar spectruwm[ wl initial wass, dge, wetallicity ] : §(\, M, £, 2)

+ observational constraints on the initial mass function

(Salpeter 1955; Kroupa 2001; Chabrier 2003):

velative wumber[ initidl wass ] : p(M) dM

= the evolving spectrum of a single—aged stellar population:

SSY _svectvum[ wl 3ge, wetallicity ] :
‘\\'53?()\” t Z) = fC\M (M) '\:()\, M t Z)



e

[avb uvits]

'gv

’

é 1071
i

Q

S

O T -
. |
Q

_.p

<

= 10"}
Q ;
_p

>

3000 4000 5000 6000 7000 8000 9000

vesthvrame wave\evxg-(;(n’ [A\ngs‘l%ow\]

e f’wm; e 'I -‘ PR

-



CSPs: composite
stellar populations

the evolving spectrum of a single—aged stellar population:

SS?_S?ectYU\W\[ Wa\/e\evxg-l;h’ ase’ W\eta\\'\C’\t\j ] :
fsp(\ £, Z) = [dM p(M) SO M, ¢, 2)

+ some (for now) totally arbitrary star formation history:

SFH[ cosmic time | wetdllicity?} ] : y«(t, Z) dt

= the evolving spectrum for a general stellar population

= fdt’ [dz e(t)s 2) [dM P(M) Sl M, £ - £, 2)



recipe for a galaxy

ingredients: given (or assuming) all of the following —

Stellar spectval evolution wmodels : fsearlaM. t Z)
Stellar wwitial wmass function : (M) dM
Star Sormation histovy : w*(t", Z)

cSP _Spectvuw([ wavelength, SFH 3ge weta| ] :
= o[t dt’ [d2 (5 2) [dM P(M) Sgar(\, M, t-t', 2)

Dust extinction/attenuation/obscuration E(A/ \)
soup- the evolving spectrum for a general stellar pop n —

wode| Spectvuwm[ wavelength age, dust, SFH wetal| ] :

= (0 o4 AVE(\) oftdt’ [dZ u(t'5 2) [dM P(M) Ssar(\, M, £-E', 2)
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The whole point of doing all this is to get:-

galaxy spectra/SEDs as a function of
stellar population properties.

This gives you the tools to estimate:

stellar population properties of a galaxy,
as a function of the observed spectrum/SED.
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AlogM, /L, =0.24 x(Ep_y/0.1)
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variations i M=/L 1n
different wavebands

M+/L varies less at
longer wavelengths.
NIR wavebands are the best.
(but M+/L; is pretty good, too.)






variations i M=/L 1n
different wavebands

using just (g - 1),
it 1s possible to estimate M+/L;
to within a factor of 2.
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making life easier:

an empirical relation between (g - 1) and M+/L;

the empirical relation
between M-/L; and (g - /) IS
both tighter and more linear

than might be expected
from our models and priors.



folklore: NIR data provides
a better estimate of stellar mass

* M+/Lnir varies less with time
* M+/LnR is less sensitive to the precise SFH

» [Nir IS substantially less affected by dust



folklore: NIR data provides
a better estimate of stellar mass

NIR data breaks the
age-dust-metallicity degeneracy
and so provides a better
estimate of stellar mass



(g - i) tells you

log M, /L - u-band

about M+/L; T i
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making life easier:

an empirical relation between infrared colours and M+/L
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Much more sophisticated models are possible

ProSPECT: generating spectral energy distributions 907
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Much more sophisticated models are possible

t SED fit us
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More sophisticated models are not always much better!

Iog1 O(SMProSpect/SMTaylor)

Figure 33. In this figure, we compare the impact of running different code

on the same photometric data product (LAMBDAR). There are systematic

differences for both comparison sets (MAGPHYS and Taylor; da Cunha et al.

2008; Taylor et al. 2011, respectively). The median offset to MAGPHYS is 0.15

dex with 0.14 dex scatter, and the median offset to Taylor is 0.06 dex with

9 10 0.13 dex scatter. This means the different codes are broadly consistent within

10 10 their expected scatter, but PROSPECT returns systematically more massive

SMg,, Spect / (M30|) galaxie§ when using the exact same input dgta. There are no strong gradients
in g — i colour, beyond more massive galaxies being typically redder.
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can model):
| B

adiative transfer,

If you understand (e, if

the wefsio Mt'
P pr

then you can estimate the amount of material
needed to produce the observed luminosity.




m dynamics

If you understand (ie, if you can model)
the dynamics of the system,

then you can estimate the amount of material
needed to produce the observed velocities.



what can we measure?
long slit (2D) spectroscopy
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what can we measure?

line of sight velocities
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spiral galaxy rotation curves
as evidence for dark matter

+o the obseyvey +o the obseyveyr



what can we measure?
line of sight (HI) velocities




what can we measure?
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what can we measure?
integral field (3D) spectrosco
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what can we measure?
integral field (3D) spectroscopy
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m dynamics

If you understand (ie, if you can model)
the dynamics of a galaxy system,

then you can estimate the amount of material
needed to produce the observed velocities.



what can we measure?
flux-weighted velocity profiles

. - \ ~ - . . - . y -
GG S R M TS S i Sl
1 'l..TO..l:’__. I'*I LT " i i i
el m
» et

LT AN S AT AW .
! " |"‘|A>|""" A ' ’
. )

.'_ L
- 1 .
. -
% N

. .
8 Tyt

A - '

- "N . .

much studd

2t low velocities

o

T loks of stubf
2t low —ve velocity

-— Va,:-;rvv drvary v oo oy
A Ry’ . y 5

EB00 BSED0 5700 6750

Image souvce: Chyis Mikos (buvyo cwyu edu)



what can we measure?
flux-weighted velocity profiles
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what can we measure?
flux-weighted velocity profiles
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\og stel\lay mass

the (baryonic)
Tully-Fisher relation

cvredit: McGaugh et al (2000)
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what can we measure?
los. velocity dispersion




the virial theorem

C\ausius' viyial: X — 77 ﬁ
+time devivative = 0 X’L — 77; ! ﬁz 77; : ﬁz —
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V — —> —>
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1. stationary system (d/dt = 0 on average)
2. radial forces (F = U / r on average)

=) Keplerian orbits
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not the virial theorem

GMan & 0'2 R

Ciotti, Bertin & del Principe (2002; A&A 386, 149)

— simulate the dynamics of a stellar system
of known shape and size, and constant M/L.

— ‘calibrate” a dynamical measure of mass.



m dynamics

If you understand (ie, if you can model)
the dynamics of a galaxy system,

then you can estimate the amount of material
needed to produce the observed velocities.



from dynamlcs

This works for

1. planets around stars
(and satellites around planets)

2. stars in globular clusters
3. stars (or globular clusters) in galaxies

4. galaxies in groups or clusters



The Stellar-to-Dynamical Mass Relation
B. Dogruel, ENT, et al. (2023

Stellar mass limited sample:
log M* > 10.3 and z < 0.12.

Ing M. (G = 1) ez 0gn log My,

Carefully calibrated & validated
velocity dispersions from ppxf.

Full and proper forward modelling
of 8-D galaxy parameter space.

£56 p, =845
0.34_o0, =0.2%
.

This is the only way to fully and
properly isolate real correlations
and/or control for confounders.

[g -']fﬂff ) IUg k’l'.‘\'l"

4HS Pls: M Cluver & E N Taylor <4hs-pi@4most.eu>
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The Stellar-to-Dynamical Mass Relation
B. Dogruel, ENT, et al. (2023)

Stellar mass limited sample:
log M* > 10.3 and z < 0.12.

Carefully calibrated & validated
velocity dispersions from ppxf.

Full and proper forward modelling )
of 8-D galaxy parameter space. O e i e it sl A

This is the only way to fully and
properly isolate real correlations
and/or control for confounders.

Very close correspondance between
stellar and dynamical mass estimates!

0.2 0.4 0.6 -2 -1 0
dust, E(B — V) star formation, log sSFR(Gyr-1)

4HS Pls: M Cluver & E N Taylor <4hs-pi@4most.eu>
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. mass from luminosity
. mass from dynamics
. mass from gravitational lensing

. mass from clustering



distant obyect

optical axis

MASSIve bod\j

spatial curvatuvre
means the \-.gwc S
‘deflected’ |




A Observer

pavtelmavn & Sek
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Apparent
image (SW)

Distant
quasar

_ Spiral galaxy at a redshift of 1
image (NE) and close to the line of sight

acts as a gravitational lens wmage credit: JACH

Apparent













Lenses do two things:

magnify and distort,
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A Observer

pavtelmavn & Sek

A




Consequences of shear

Roughly speaking,
an elliptical source 1is:

1. magnified
2. elongated
3. rotated

4. distorted



Weak lensing studies focus on
correlations in the

and

among many (independent)
background sources.

image: Smoot Lensing Group; aether.lbl.gov



Weak lensing studies focus on
in the

and
among many (independent)
background sources.

Galaxies randomly
distributed

Slight alignment







Lensing in a nutshell
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aie ... the rub.

— the etfects of weak lensing are weak,

so shape measurements must be perfect.
(need to understand the astigmatisms of your telescope)

— there are a finite number of galaxies
in the (observable) universe
... and most of them are very faint!

— there 1s a fundamental limit to the
shear strength that can be measured.
individual galaxies are off limits.

(Actually, not true! But this is another story ...)



e pluribus unum (stacking)

many insignificant measurements can be combined to get
one significant measure of the population average.
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10.79<M.< 10.891

T 10.89<M,<11.04

11.04<M.<11.191 "

4.19<M.<11.59
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van Uitert et al. (2016)
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M1 M2 M3 M4 M5 M6 M7 M8
[9.39,9.89] [9.89,10.24] [10.24,10.59] [10.59,11.79] [10.79,10.89] [10.89,11.04] [11.04,11.19] [11.19,11.69]

Niens (z) Niens <z> Niens <z) Niens <z) Niens (z) Niens <z) Niens <z> Niens <z)

All 15819 0.17 19175 0.21 24459 0.25 11475 0.29 3976 0.31 3885 0.32 1894 0.34 1143 0.35
Cen (Ngos =25) 15 0.08 55 0.12 185 0.16 242 0.18 185 0.19 276 0.21 241 023 209 0.26
Sat (Ngor = 5) 1755 0.14 2392 0.18 3002 0.22 1267 0.26 3838 0.27 343 0.27 138 029 65 0.32
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KiDS+CGAMA (lensing)

KiDS+GAMA (lensing+SMF) |
l | . ] | - l

.
van Uitert et al. (2016) Ma [h™ Mo]
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Weak gravitational lensing: the DES dark we

N. Jefirey; Dark Energy Survey Collaboration | Dark Matter map from DES observations




Weak gravitational lensing: the ACT dark web
ACT Lensing Map

L




from grav1tat10nal lensing

If you understand (ie, if you can model):
1. the intrinsic shape distribution, and
2. the redshift distribution
of the "background’ galaxy population,

then you can exploit the physical phenomenon
of (weak) gravitational lensing to map the
(2D projected) gravitational potential (thus mass)
of cluster— and galaxy—scale mass concentrations.
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. mass from luminosity
. mass from dynamics
. mass from gravitational lensing

. mass from clustering
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source: Baldry et al. (2012 MNRAS 412, 621)
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log halo mass
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source: Zehavi et al. (2012, ApJ 736, 59)
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halo occupation
distribution modelling

if you know

— the galaxy mass/luminosity function
— the galaxy correlation function
— the halo mass function; and
— the halo correlation function

then you can combine them all to get

a self—consistent description which tells you
the average number of galaxies per halo,
as a function halo mass.




source: Zehavi et al. (2012, ApJ 736, 59)
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a word of caution: halo modelling and weak lensing

B <iDS+GAMA (lensing)
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a word of caution: halo modelling and weak lensing

10.0<logM. <10.3: {=0.12 dex
10.3<logM . <10.7: {=0.22 dex
10.7<logM« <11.0: {=0.32 dex
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while I'm here: what is Eddington bias?
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. mass from luminosity
. mass from dynamics
. mass from gravitational lensing

. mass from clustering



Measuring the halo mass function ~directly

The halo mass function 2141

Declingtion
Daclination

214 216 Fat-

Right Ascension

Figure 2. Each panel shows a cone plot of the GAMA group (coloured circles) and galaxy (grey dots) distributions to a maximum redshift of 0.3, indicating
lookback time (lower cones), and in (upper panels) right ascension and declination for a narrow redshift slice indicated by the dashed rectangles in the lower
panels. The group circles are colonred according to multiplicity, with *hlue’, ‘green’, ‘orange’; ‘red’, and ‘purple’ denoting multiplicities (Ngyp) of 3, 4, §, 6.

and > 6, respectively. Circle sizes are sculed uccording o logio (Mper).




Measuring the halo mass function ~directly

2154  S. P. Driver et al.

+0.34
2y =0.224
-0.0684

Declingtion
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Frequency
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GAMA z<0.25 and N>4
SDSS DR12, z<0.08 and N>4
REFLEX II, x-ray, z~0.1 (Bohringer el al. 2017)

2PIGG 2 < 0.12 (Eke et al. 2008)
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Best fit MRP function to GSR
- - LCD\VI expectation from MRP
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Figure 2. Bach panel shows & coos plotof the GAM/ Figure 11. The combined empirical HMF data (as indicated). Shown as black and blue dashed lines are the ACDM prediction and the best MRP function fit
lookback time (lower cones), and in (upper panels) rig to the combined GAMA, SDSS, and REFLLEX 1T data along with the spread of MRP fits in blue that show the results from our Monte Carlo refitting. The inset
panels. The group circles are coloured according ta my panel shows the integral of the Monte Carlo MRP fits to zero mass (blue histogram) with the red band showing the 1o error range. The vertical black dashed
and > 6, respectively. Circle sizes are sculed according line shows the Planck 2018 value for Qas.




assumption is the
mother of all modelling

know thyself (and others).
doubt others (and thyself).

play.
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