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Galactic Astronomy

Lecture 07

Structure & Properties of
the Milky Way: Part |l

Prof. James Davenport (UW)
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* in (R,Z) space:
An “exponential disk”, e.g. Juric+2008

The Milky Way’s Disk

Thin Disk
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neighborhood within ~2 kpc. They show a striking simplicity
in good agreement with a double exponential disk model,

R Z+Z
p(R,Z):p<R@,0)eR@/Lexp( . Z@) (19)

where p 1s the number density of disk stars, Ry and Z are the
cylindrical coordinates of the Sun, and L and H are the exponen-

tial scale length and scale height, respectively. This model pre-


https://ui.adsabs.harvard.edu/abs/2008ApJ...673..864J/abstract

Virgo Field CMD
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Hess Diagram
A CMD without distances (apparent mag)

e.d. wrong here

 NOT just a heat or density map of stars! 2
- 18

* |Important for galactic structure studies
e.g. Juric+2008

Disk turn-off stars 20
* A few key features... (Thin)

(e.g. Gao+2012)
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cluster distinctly on top (I hope!) T 9"" T

22
* You see this in your HW?2, w/ 0

Low [Fe/H] halo stars Nearby M dwarfs (disk)


https://www.astroml.org/book_figures/chapter1/fig_S82_hess.html
https://ui.adsabs.harvard.edu/abs/2008ApJ...673..864J/abstract
https://arxiv.org/abs/1207.4551

 Hess Diagram not very popular

HeSS Dlagram right now b/c of Gaia...
» Use stellar models (isochrone + IMF, binary frac), ° Prediction:
star formation history assumptions, As we reach limits of Gaia
gal structure model (e.g. Besancon, galfast) distances, & especially when
to forward-model Hess Diagram LSST comes online,
Astronomers will rediscover

(Gao+2012) this handy framework!

Thin Halo
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https://arxiv.org/abs/1207.4551

Warped Disk

* Long seen in gas (HI)

e Now traced w/ stars

 Here: Cepheids from
WISE + Gaia DR2

» Likely caused by
merger from dwarf
galaxy... but which?!

o Sagittarius ?
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https://www.nature.com/articles/s41550-018-0686-7

Warped Disk

 Warped disks are very common!

« ~50% of edge-on spirals show
evidence for a warp (Sanchez-
Saavedra+2003)

 Warps may be caused by merger
events, OR could be long-lived
features... e.g. a generic outcome of
disk+bar orbital dynamics
(Sanchez-Martin+2016)



https://ui.adsabs.harvard.edu/abs/2003A&A...399..457S/abstract
https://ui.adsabs.harvard.edu/abs/2003A&A...399..457S/abstract
https://ui.adsabs.harvard.edu/abs/2003A&A...399..457S/abstract
https://ui.adsabs.harvard.edu/abs/2003A&A...399..457S/abstract
https://ui.adsabs.harvard.edu/abs/2016A&A...588A..76S/abstract
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Hou (2021)

~ GMCs
- ® HMSFR masers
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https://www.frontiersin.org/articles/10.3389/fspas.2021.671670/full
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e Arm-like features seen with
many tracers: gas, GMC'’s,
clusters, cepheids, stars,
masers...

Y (kpc)

* Shape is usually described
as a logarithmic spiral

Hou (2021) X (kpc)



https://www.frontiersin.org/articles/10.3389/fspas.2021.671670/full

14
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® HMSFR masers

Spiral Arms oo Mo

» Jypical Description:
MWY has 4 spiral arms
In solar neighborhood

* Or maybe 27 Long
debated, esp. for a
Spiral+Bar galaxy...

Y (kpc)

 Or maybe (probably) has a
bunch of “spurs” between
strong spiral features

 \WWe maybe live on the
edge of a spur

Hou (2021) X (kpc)



https://www.frontiersin.org/articles/10.3389/fspas.2021.671670/full

Spiral Arms

e Basic 4-arm model,
very popular for ~30yrs
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Pulsar distances: Taylor & Cordes (1993)

60°



https://ui.adsabs.harvard.edu/abs/1993ApJ...411..674T/abstract
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Spiral Arms

240°® O-type stars 2
12 » Young OCs e
e Scu-Cen Arm
10
e Sag-Car Arm .
g ¢ ”
 Local Arm (“Orion”) i‘«
. 6
* |s it really an Arm, or a spur?
e Perseus Arm 4 i
e Norma-Outer Arm 5
a0¢ R, = 8.15 kpc

Hou (2021)
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https://www.frontiersin.org/articles/10.3389/fspas.2021.671670/full

Spiral Arms

e Scu-Cen Arm

e Sag-Car Arm

* |s it really an Arm, or a spur?
* Perseus Arm

e Norma-Outer Arm
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Star forming regions: Reid+2019



https://ui.adsabs.harvard.edu/abs/2019ApJ...885..131R/abstract

Spiral Arms

» (Gaia traces out structure with young
field stars! 1
. 2
* Not a great fit to some standard arm S
models (e.g. Taylor & Cordes 1993) g 0
>
—) -
—4 -
_6_6

Pogqgio+2021
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Overdensity


https://ui.adsabs.harvard.edu/abs/2021A&A...651A.104P/abstract

Spiral Arms

 Some better alignment with Reid+2019
model (black lines)

* Except Perseus arm looks morel
like Levine+2006

* |ots of pure cartographic exploration
to still be done here!

14

Pogqgio+2021

Overdensity


https://ui.adsabs.harvard.edu/abs/2021A&A...651A.104P/abstract

Spiral Arms

5

log column density [g/cm?]
log column density [q/cm?]

* M51 grand spiral B
structure, with lots of
spur-like features
reproduced well with
Galaxy+merger model

* No strong bar though

15 Dobbs+2010



https://academic.oup.com/mnras/article/403/2/625/1180363

Spiral Arms

* | ots of simulation work in this space

* EXxploring bar, resonances, mergers...

Quillen+2011
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https://ui.adsabs.harvard.edu/abs/2011MNRAS.417..762Q/abstract

Spiral Arms

Density Wave Theory: Lin & Shu (1964)

Spiral structure long lived, due to a
propagating density wave, NOT a fixed
structure

Critically: NOT due to shear or differential
rotation of the disk (which IS there)

Reminds me of: traffic jam propagation

17


https://ui.adsabs.harvard.edu/abs/1964ApJ...140..646L/abstract

Spiral Arms

Fixed Pattern Diff. Rot.

https://en.wikipedia.org/wiki/File:Galaxy_rotation_rigid.ogv 18



Spiral Arms

Density Wave

Kinda freaks me out
see also: Shepard tones

https://en.wikipedia.org/wiki/File:Galaxy_rotation_rigid.ogv 19


https://en.wikipedia.org/wiki/Shepard_tone
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https://www.frontiersin.org/articles/10.3389/fspas.2021.671670/full

NGC3992

Bulge + Bar

300
 Resonance w/ bar invoked to be 200 B ianergs
driver of “grand spiral” structure | -
and spiral strength 100 &
o '
O
* Bars could drive density waves that & 0
form spirals ©
(Normandy & Norman 1979) -100
e Bars might govern orbital 200 dbeaie b iBdoeae
“manifolds” that dictate spiral -300 |
structure (e.g. Athanassoula+2009) 2300 -200 -100 0 100 200 300

dlrcsecC

Diaz-Garcia+2019
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https://ui.adsabs.harvard.edu/abs/1979ApJ...233..539K/abstract
https://ui.adsabs.harvard.edu/abs/2009MNRAS.394...67A/abstract
https://ui.adsabs.harvard.edu/abs/2019A&A...631A..94D/abstract

NGC3992

Bulge + Bar

300
 New surveys of galaxy properties find 200 B BN et
weak/no evidence that spiral arms are
driven by bars, but bar & spiral strength 100 %
may correlate S '
(e.g. Diaz-Garcia+2019) % 0
4y
 “Most likely, discs that are prone to -100
the development of strong bars are .
also reactive to the formation of -200 & S e
prominent spirals, explaining the |
observed coupling between bar and -300 -
spiral amplitudes.” -300 -200 -100 O 100 200 300

dlrcsecC

» Bars relatively common for all kinds of

spiral galaxies. (e.g. Sarkar+2023) Diaz-Garcia+2019
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https://ui.adsabs.harvard.edu/abs/2019A&A...631A..94D/abstract
https://ui.adsabs.harvard.edu/abs/2023MNRAS.518.1022S/abstract
https://ui.adsabs.harvard.edu/abs/2019A&A...631A..94D/abstract

Bulge + Bar

 Bulge & Bar may be the same thing

 Some evidence of a two-component bar?!
(Wegg+2015)

 Maybe even NO bulge, just disk + bar
(Di Matteo+2015)



https://ui.adsabs.harvard.edu/abs/2015MNRAS.450.4050W/abstract
https://ui.adsabs.harvard.edu/abs/2015A&A...577A...1D/abstract

Nuclear Cluster

* |In the very center is the Nuclear Cluster, with a
disk-like structure around it (Launhardt+2001)
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https://www.aanda.org/articles/aa/abs/2002/10/aah3107/aah3107.html

Distance to Galactic Center: KX

* This number critical to SO MUCH of our geometry... Historically wide range of
values considered (though 8kpc favored by some 100yrs ago!)

» |AU standard value has long been R, = 8.5 kpc, still see this used a LOT
(e.g. in the Gaia Catalog of Nearby Stars, using the “Besancon” MWY model)

 People even recently claim much smaller values

. e.g. Ry = 7.5 kpc by modeling globular cluster distribution: Francis &
Anderson (2014)

 Best estimate currently seems to be: 8.122 kpc, measured by modeling
orbit of star “S2” at the Galactic Center (GRAVITY collab. 2018)
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https://ui.adsabs.harvard.edu/abs/2003A&A...409..523R/abstract
https://academic.oup.com/mnras/article/441/2/1105/1069328
https://academic.oup.com/mnras/article/441/2/1105/1069328
https://academic.oup.com/mnras/article/441/2/1105/1069328
https://academic.oup.com/mnras/article/441/2/1105/1069328
https://ui.adsabs.harvard.edu/abs/2018A&A...615L..15G/abstract

Distance to Galactic Center: K|,

» Best distance comes from fitting the orbit of star S2 around Sag A*

(e.g. Eisenhauer+2003)

This is a classic technique developed for binary stars (See 1895), if you can

measure RV’s & astrometric shifts, then solve for binary mass, orbital

separation, and distance (Kepler’s 3rd Law + geometry!)
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https://ui.adsabs.harvard.edu/abs/2003ApJ...597L.121E/abstract
https://ui.adsabs.harvard.edu/abs/1895AN....139...17S/abstract

Axis Ratios

Halo (Stellar) / 10:8:7

* Triaxial (not spherical!)

Han+2022

e Old, metal poor

* Substructure, hints at origin
* Globular Clusters
o Streams

e (Dwarf) galaxy mergers

.

« (Gaia Sausage § e Aquila
i .i_";':.Cloud
&
“Field of Streams” ‘:?
Belokkurov+2006
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https://ui.adsabs.harvard.edu/abs/2006ApJ...642L.137B/abstract
https://ui.adsabs.harvard.edu/abs/2022AJ....164..249H/abstract

Mass of Components

« Bulge + Bar: 9.1 X 1()9M®

. Disk: 5.2 X 10'°M e.g. from Licquia & Newman (2015)

« Stellar Halo: ~109M®

« Nuclear cluster region: 3.3 X 106M<D e.g. from Genzel+1997

+ Dark Matter Halo: 1.4 X 10" M, e.g. from Posti & Helmi (2019)
(within 20 kpc)
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https://ui.adsabs.harvard.edu/abs/2015ApJ...806...96L/abstract
https://ui.adsabs.harvard.edu/abs/2019A&A...621A..56P/abstract
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