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Brief history of 
understanding the Milky way



History: Galileo’s obs. of the MW
• In 1610, Galileo Galilei: MW is composed by countless stars

Two telescopes built by Galileo, Museo Galileo, Florence
Image Source: www.mpg.de

Galileo’s original sketch of the three stars in Orion’s belt 
and the Orion Nebula



Hisotry: Kant’s idea of MW
• 1750, Thomas Wright: Milky Way is a thin spherical shell of stars. The Sun is 

located inside the shell about midway between the inner and outer edges.

• In 1755, Immanuel Kant: MW is a large collection of stars gravitationally bound, 
rotating and flattened as a disk, with the Solar System embedded within the 
disk. Propsed “island universes” theory and sparked the “great debate”.

Wright's original woodcut



History: Herschel’s MW
• In 1785, William Herschel: attempted to actually map out the shape of the 

Milky Way, based on the assumptions/neglections:
• Stars uniformly distributed inside the MW boundary
• Not realizing dust absorption

Shape of the MW by W. Herschel, 1785



History: Kapteyn & Shapley’s MW 
• Jacobus Kapteyn (1901~1922): used photographic star counting, estimated 

distances statistically based on parallax & proper motions of nearby stars.

• Harlow Shapley (1915~1921): estimated globular cluster distances from RR 
Lyrae stars.

Oort’s illustration of the discrepancy of the Kapteyn Universe and 
Shapley’s system of globular clusters. From de Sitter’s book ‘Kosmos’. 



History: MW’s position in the 
Universe by Hubble
• In 1923, Edwin Hubble: using Cepheids in M31, measured the distance M31 to 

be ~ 300 kpc (765 kpc nowadays’ value), with the 100-inch Hooker telescope 
at Mount Wilson Observatory.

From New York Times, 1923



History: MW Stellar populations
• As early as 1926, Jan Oort has recognized two types of stellar populations.

• During 1944, Walter Baade, categorized groups of MW stars into 
• Population I: bluer stars associated with spiral arms
• Population II: yellow stars dominated near the bulge and within GC

by Baade, 1944



dust!

History: modern view of the MW



From https://asd.gsfc.nasa.gov/archive/mwmw/mmw_images.html
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From https://asd.gsfc.nasa.gov/archive/mwmw/mmw_allsky.html

Multiwavelength Milky Way



Introduction of TRILEGAL



Star counting Galactic model

Principle of star counting models based on 

stellar population synthesis :

The goal of star counting models: to find the correct             and    

^

Density profile      Luminosity function



1. Empirical ones: derived from Solar Neighbourhood or globular clusters:
    Bahcall & Soneira 80-83, GALFAST (Juric+08)
2. Theoretical ones: Population synthesis star count models
    Requires: IMF, SFH, age-metallicity relation (AMR), Stellar models
    eg., Besançon (Robin+03), TRILEGAL (Girardi+05), Just-Jahreiss+08,           
    Galaxia (Sharma+11), GalMod(Pasetto+18), etc.

Galactic components & 
luminosity functions

May also be 
the potential

for different components



From Bland-Hawthorn & Gerhard, 2016, ARAA

Distance of Sun from the Galactic 
Center: as an example



Comparison of different star 
counting MW models

Model Bulge Thin disk Thick disk Halo DM Else Stellar model Dynamics Kinem
atics

Com
ment

TRILEGAL
(Girardi+05)

Triaixal Exp.+
Sech^2

Exp.+
Sech^2

Power-law, 
axisymmetric

N N PARSEC N Y

Besançon
(Robin+03)

Exponential Exponential Exp. Exp., spherical Y Warp, flare Padova Y Y

Galaxia
(Sharma+11)

Similar to Besançon Accept N-body sim. Padova Self-
consistent

Y

J-J
(Just & Jahreiß, 
10)

Disc shape Y Gas PEGASE
(with Padova models 
as default)

Y Y S. Gao 
contri
buted

GalMod
(Pasetto+18)

Spherical+density 
potential

Exp.+Sech^2 Solved from the 
potential

Y Bar PARSEC Y Y



TRILEGAL: 
TRIdimensio
nal modeL 
of thE
GALaxy

TRILEGAL 
scheme

Girardi16



TRILEGAL 
scheme

Girardi, 2016



Geometry:
Thin disk    exp. in R and sech2 in z, scale height increasing with population age
Thick disk  exp. in R and sech2 in z, fixed scale height
Halo              power-law oblate
Bulge           triaxial cf. Binney+97
Dust layer  exp. in z, extinction cf. SFD+98, SF+11, Abergel+14, Lallement+18, Green+19
External objects   (e.g. SMC and LMC)

TRILEGAL’s Galactic components

Stellar populations:
Each component has its own IMF, SFH, AMR
IMF  Chabrier+03 by default, Kroupa, Salpeter, etc.
Binary fraction   default 30% for mass ratio 0.7-1
Bulge   age~10Gyr, AMR cf. Zoccali+03
Thick disk   age~10Gyr, AMR cf. Boeche+13
Halo    constant SFR over the last 12-13 Gyr, 
             AMR cf. Henry & Worthey 99
Think disk   constant SFR over the last 11 Gyr, 
             AMR cf. Rocha-Pinto+00
External objects specific IMF, SFR and AMR

Check Girardi+05 for more details



@wired.com



PARSEC: PAdova and tRieste 
Stellar Evolutionary Code



PARSEC Tracks/Isochrones
Padova/Padua 
models:
Bressan+81
...
Bertelli+94
Girardi+00 
Marigo+08
Girardi+10 

PARSEC 
models:
Bressan+12

PARSEC 
models:
Chen+14
    +15
Tang+14
    +16
Fu+15
      +18

PARSEC-COLIBRI
models:
ERC/STARKEY
Marigo+17
Chen+18
Pastorelli+19 
Pastorelli+20

PARSEC 
models
with rotation:
Costa+19
Costa+20

PARSEC-
TRILEGAL 
models with 
interacting 
binaries, new 
WD & NS 
tracks: to do



Stellar evolution with turbulent diffusion by Licai Deng, 
A&A, 1996, v.313, p.145-158 & p.159-179

Padova models: diffusion mixing by Deng+96a,b



PARSEC very-low mass stars

Chen+14

Morrell& Naylor 
2019 with Gaia DR2



Fu+15: envelope OV  + residual accreting reproduces the Spite-plateau

PARSEC Pre-Main Sequence models



PARSEC models for very-massive stars
Humphreys-
Davidson 
limit

Chen+15



Tang+14: 
calibrating 
envelope 
overshooting

PARSEC models for very-massive stars



Tang+16: Contrary to what has been stated in the literature, we find that the Schwarzschild 
criterion, instead of the Ledoux criterion, favours the development of blue loops

PARSEC models for very-massive stars



PARSEC models with alpha-enhancement

Fu+18: PARSEC alpha-
enhanced model ftting to 
47 Tuc

Important for elliptical galaxies, 
dSph, GC, thick disk, bugle, halo, ...



Girardi+19, Costa+19

NGC 1866

PARSEC model of rotating stars



TP-AGB models: ERC project STARKEY

Starkey results: Pastorelli+19,+20,
 Chen+18, & in preps., Marigo+20

Marigo+20：
reproduce the IFMR kink with 
COLIBRI TP-AGB model



CMD: stev.oapd.inaf.it/cgi-bin/cmd



Comparison of different stellar models
Name mass range Z range abundance EOS OP NR Rotation stages Else1 BC UD

PARSEC
(Bressan, SISSA)

0.1-350 5E4 to 0.07 solar,a FREEEOS OPAL+ÆSOP
US

JINA REACLIB 0.002 to 
0.02, 
omega=0 
to 0.995, 
mi=1 to 5

Pre-MS to 
AGB0/CB0

Phoenix
+Grey

19

MESA/
MIST
(Paxton, UCSB)

0.1-300 [Fe/H] = -4 to 0.5 solar OPAL+SCVH+Ma
cDonald

Ferguson05+
Freedman08
+OP+OPAL

JINA REACLIB v/vcrit=0, 
0.4

Pre-MS to WD Planets, 
Oscillations

ATLAS1
2+Grey

16

BastI (Cassisi, 
Teramo; Salaris, 
JMU)

0.1-15(new) 1E-5 to 0.05 solar,a,CNO FREEEOS OPAL NACRE N Pre-MS to 
AGB0/CB0

WD, diff. 
Reimers 
etas

Vernazz
a+81

18

DESP
(Dotter, Dartmouth)

0.1-4 [Fe/H] from -2.5 to 
+0.5

Solar,a ideal 
gas+FREEEOS

OPAL + 
Ferguson05

Adelberger+9
8

N Pre-MS to 
AGB0

08

FRANEC (Chieffi & 
Limongi)

link

Genova
(Meynet)

link

STERN (Brott) link
STAREVOL 
(Decressin)

link

Yale-Yonsei-Potsdam
(Demarque)

link

Pisa (Tognelli) link
Victoria-Regina
(VandenBerg)

link

Eggleton link
linkCESAM

(Morel & Lebreton)

incomplete



TRILEGAL Bolometric 
corrections

YBC (Chen+19)

Stellar spectral libraries:
ATLAS
PHOENIX
COMARCS
WM-basic
PoWR
Koester
TLUSTY
...

Extinction:
Circumsterllar dust: Marigo+
Interstellar dust: CCM+O94, FM07, etc.

Supported photometric systems:
Basically all publicly available 
UV-Opt.-NIR-MIR systems



TRILEGAL Bolometric 
corrections

YBC (Chen+19)

Stellar spectral libraries:
ATLAS
PHOENIX
COMARCS
WM-basic
PoWR
Koester
TLUSTY
...

Extinction:
Circumsterllar dust: Marigo+
Interstellar dust: CCM+O94, FM07, etc.

Supported photometric systems:
Basically all publicly available 
UV-Opt.-NIR-MIR systems



YBC: stev.oapd.inaf.it/YBC
http://SEC.CENTER/YBC



TRILEGAL output: synthetic 
stellar catalogues

Surface 
composition

LPVs 
periods

LSST + Gaia 
Photometry Kinematics

Stellar 
parameters

Pastorelli+19



Photometric surveys:
Groenewegen+02: 
Halo+disk
Girardi+05: Halo+disc
Vanhollebeke+09: Bulge
Pieres+20: Discs+Halo
…

Spectroscopic surveys:
RAVE, SEGUE, etc.

Asteroseismic surveys:
CoRoT, Kepler, etc.

@Pieres+20

TRILEGAL calibrations

Girardi



stev.oapd.inaf.it/cgi-bin/trilegal



TRILEGAL DEMO 1: LSST sky 
survey sim.

Blank 
intentionally



TRILEGAL DEMO 2: SMC & LMC sim.

Pastorelli+19,+20



TRILEGAL DEMO 3: M31 sim.

Blank 
intentionally



TRILEGAL DEMO 4: Binaries

Dal Tio+19



TRILEGAL DEMO 5: Star Cluster 
sim.

Blank 
intentionally



Niida+20: stellar contamination to the QSO sample

TRILEGAL DEMO 6: MW foreground 
stars for high-z objects



TRILEGAL MW simulation for 
CSST



CSST filter transmission curves (from CSST group)
SEDs: CK03 ATLAS9 models of Teff=6000K and 10000K (logg=4,[M/H]=0)

CSST filters



 
Skymap pixelization

Gorski+05

HEALPix nested subdivision scheme:
Nside=2
Npix=48

Nside=1
Npix=12

Nside=4
Npix=192

Nside=8
Npix=49152

CSST sim. pixelization

Nside=64 to 2048 (1.72’)
Npix=596601

Dust map



TRILEGAL simulation running
g<27.5
~1.5TB fits data
12.6 Bilion stars

Soon on the 
NAOC VO



Absolute magnitude vs. effective temperature
CSST-OS will reach g~25.5 (or 26.5) mag. A 
star with M(g)~15 mag, will have g~25 mag 
at 1 kpc, being above CSST-OS limit.

TRILEGAL sim. of the north galactic pole



TRILEGAL sim. of the north galactic pole

Color-magnitude 
diagram: g-r .vs. g



TRILEGAL sim. of the Baade’s window

Absolute magnitude vs. effective temperature
CSST-OS will reach g~25.5 (or 26.5) mag. A 
star with M(g)~10.35 mag, will have g~25 
mag at 8.5 kpc, being above CSST-OS limit.



TRILEGAL sim. of the Baade’s window

Color-magnitude 
diagram: g-r .vs. g



TRILEGAL sim. of the anti-Gal. direction

Absolute magnitude vs. effective temperature
CSST-OS will reach g~25.5 (or 26.5) mag. A 
star with M(g)~15 mag, will have g~25 mag 
at 1 kpc, being above CSST-OS limit.



TRILEGAL sim. of the anti-Gal. direction

Color-magnitude 
diagram: g-r .vs. g



TRILEGAL sim.: crowding limit analysis

CSST-OS: PSF FWHM~0.15 arcsec, 
photometric error ~ 0.2 mag at 25.5 mag, 0.01 mag at 29 mag.



Simulated star clusters of 0.12, 1 and 4.5 Gyr with 
errors included.

TRILEGAL sim. of star clusters



Concluding remarks prospects
• TRILEGAL is a powerful stellar population synthesis tool, 

can be used for broad applications, including for supporting 
the science of next generation telescopes

• We have generated a full sky MW mock stellar catalogue for 
CCST, and will do so for nearby galaxies. These catalouges 
will be publicly available

• We will refine PARSEC stellar models and TRILEGAL galactic 
models to provide better models



Léo Girardi Piero Dal TioGiada Pastorelli Yang Chen 

Michele  Trabucchi Alessandro MazziPaola Marigo

TRILEGAL:
Active coding people

+
Collaborators: Bressan A., Xiaoting Fu, Costa G., etc.

+
External collaborators: LSST, UW, STScI, SDSS, etc.

cy@ahu.edu.cn

CSST MW TRILEGAL Sim.:
Initiates: Xiaoting Fu., Yang Chen, Chao Liu, etc.
+
TRILEGAL people

谢谢！


