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How galaxies form: Cosmological frame
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CMB: WMAP Millennium simmulations. deep field of galaxies



Hubble sequence evolution since z~2



How galaxies form?

Merger tree of dark matter halos CDM

Merger Tree

1. Choose a stellar mass - P
halo mass (SMHM) relation | /7
from parameter space. /

- Mergers account for 50% of the outer envelope of massive
galaxies (Naab + 2009)

- Equal mass mergers are rare (Man +2012)
- Difficult to match the number of thin disk galaxies (Naab &

- Physical processes: Ostriker 2016)
- SF from gas in situ or/and accreted - Galaxies like the MW assembled their mass through
- Merger of galaxies with different SFH streams of cold gas from the cosmic web (Sanchez

Almeida + 2014)

- Feedback: stellar, SNe, AGN , .
- Galaxy’s gas accretion and SFR depend on the
- SF regulated through outflows cosmological dark matter specific accretion rate (Neistein
+ 2006)



Fundamental observational results

- Stellar mass density Madau & Dickinson 2014, ARAA

i - Star formation rate density

- Specific SFR (sSFR)

Lookback time (Gyr)

Age of the Universe (Gyr]
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How did galaxies form? Star formation history of the Universe

When and how the galaxies grow in mass?
Which are the physical processes?

Origin of the Hubble sequence?

When did the bulge and disk form?

Hubble's Galaxy Classification Scheme

Sh
Sa . Sc

> - g

* 7 [ Here takes
' place much
' 42 I~ of the action
' - - Green Blue ‘ ;)queﬁcf;nz; Bluc'e
valley cloud "
ED E3 EG

3B0 \ ".& /'
SBa -y SBc

Two observational ways

- Cosmological surveys (different redshifts)
- Nearby galaxies (SFH: lookback time studies)




Fossil record: Full spectral synthesis
P Y Models: Ingredients

Leai(A) = tZz Msse (t,Z) x SSP(A:t,Z) x e ™™

E ! ' =

S5P = function (IMF, tracks, stellar libraries...)

SFH, Mass, age, metallicity, Av,
SFR, sSFR, surface mass density

 Evolutionary synthesis models

* Tracks
* |[MF
* Stellar libraries

 Full spectral fitting code

X, [%] @ A= 2020 A

-
o

wavelength log lookback time



Lookback time studies: SFH of nearby galaxies

Fossil record: Full spectral synthesis|  ©9- Mass and Metallicity assembly

o

Mass grow

Lea(A) = tZz Msse (t,Z) X SSP(Ast,Z) x e*®

E ! V'

SFH:
Mass or

light fractions

(-]

3
o

Observables:
Full spectrurm

Metallicity

-
o

R. Cid Fernundes,"™ N. V. Asari,’ L. Sodré 1.7 G. Stasitska,” A, Maleus,
1. P. Torres-Papaqui’ and W. Schoenell!
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i

SFR density
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o d

wavelength log lookback time

Heavens et al. 2007 Cid Fernandes et al. 2008



41 pillion years

IFS:

Spatially resolved the

properties of galaxies

IFS: PPaK@3.5m CAHA

longitud de onda (nm)
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CALIFA: Spatially resolved properties of galaxies

-~ "~

4 \

glarge homogeneous sample
. A

E, SO, Sa to Sd

Sanchez, et al, 2012, A&A 538. 8. |
Husemann et al, 2013, A&A 549, 87. Stellar populations
Garcia-Benito et al, 2014, A&A 549, 87. lonized OER

Sanchez, et al, 2016, A&A 594, 36. - P
Walcher, et al, 2014, A&A 569, 1. Kinematics: gas and stars




CALIFA: Spatially resolved properties of galaxies

« 20+ PhDs

« 20000 data cubes downloads

Publications with the string "CALIFA" in the title 177
Publications with the string "CALIFA" in the abstract 264
Citations to the survey presentation article " 470
Citations to the DR1 article 2) 121
Citations to the DR2 article 3) 100
Citations to the DR3 article 4 58



http://tinyurl.com/nw9l89u
http://tinyurl.com/pr88atp
http://tinyurl.com/o3wmf7t
http://tinyurl.com/o38qlg2
http://tinyurl.com/hhxpcco
http://adsabs.harvard.edu/cgi-bin/nph-ref_query?bibcode=2016A%26A...594A..36S&refs=CITATIONS&db_key=AST

CALIFA mother sample Sub-sample in SFH studies

- 937 galaxies
- 0.005<z<0.03
* 45" <IisoA r<79.2"

- 436 galaxies (mergers excluded)
- V500 + V1200 COMBO
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Spatially resolved SFH of galaxies: PyCASSO Pipeline
spatial binning, mask, etc CALIFA spectral cube
de-construct = o PFE-PrOCESSINEG

&.

Cid Fernandes

1.0 158 2.0
radial distance (HLR)

North offset (arcsac)

http://pycasso.iaa.es/
http://pycasso.ufsc.br/

» Cid Fernandes Gonzalez Delgado, et al. 2014 A&A, 561, 30
» Cid Fernandes, Pérez, Garcia-Benito, Gonzalez Delgado, et al. 2013 A&A, 557, 86

 de Amorim, PhD 2014; de Amorim, et al. 2017 MNRAS, 471, 3727
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Are global and/or local processes responsible of
driving the evolution of galaxies?

Global relations |_ocal relations
e Mass - Metallicity © WMx-local Z

e Mass - SFR (MSSF) ® ¥ - TSR
e Mass - age

e Mx -local age

92102 -
logM, (Mo
102106 18 M- (M©)

log Egpp (M, Gyr™" pc?)

log puy (Mg 1)(:’2)
AN TN |
. -7.0 -6.5 -6.0 =5.5

log pgpr (M oyr ™ Mpc ™)

distance (HLR)

log(SFR) [Ma/yr]

10 11 10 1 12 log 1, (M/pc®) log pu, (M/pc?) log y1, (M /pc?)
log(M) [Me] log(M} [Me] log(M) [Ma]




Stellar mass surface densit X )- age

Global relation | ocal relation

o  SDSS: - Mx * CALIFA: % - age
S 105106 8 M. (M)
R 515
-
-
©
&
q=
-
© | h ,
! 3 'c.;“:\.-. 1

* SDSS: Mx - age
o (log age ), (yr)
= Gonzalez Delgado +, 2014, A&A, 562, 47
Q\
R
N SFH in disks and spheroids
c=‘§ *  Disks: MK drives the ages (SFH) of galaxies
O *  Spheroids: MK




Stellar mass surface densit *)- Metallicity (Zx

Global relation (SDSS) | ocal relation
0'5'(!0‘;(:96):"“"” (y) * CALIFA IJ* -Z*

Chemical enrichment

K Disks: |J* regulates the metallicity, galaxy Mass
modulates the amplitude
l % Spheroids: galaxy Mass dominates the physics of
Temeeeprel chemical enrichnment (except for low mass galaxies)
s Gonzalez Delgado et al. 2014b, ApJ, 791, L16

>11.4 R>05HLR R<0.5HLR

SDSS: global Mx - Zx
Gallazzi +, 2005
Panter +, 2008

10 11 12
log M, (M)

10.6—11.0
| 10.2—-10.6

distance (HLR)

log 1, (M®/pC2 ) log w, (|V|®/pC2 )
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THE EVOLUTION OF GALAXIES RESOLVED IN SPACE AND TIME:
A VIEW OF INSIDE-OUT GROWTH FROM THE CALIFA SURVEY

E. PEREZ', R. CID FERNANDES %, R. M. GONZALEZ DELGADO', R. GARCIA-BENITO', S. F. SANCHEZ'"?, B. HUSEMANN®,
D. Mast!?, J.R. Ropon', D. Kurko®, N. BACKSMANN®, A. L. pE AMorimZ, G. VAN DE VEN, J. WALCHER?,
L. Wisorzkr', C. Cortuo-Frrrero!, AND CALIFA COLLABORATION®

Galaxies with 100 CALIFA galaxies

x 1010 Msu

Galaxies with
< 1010 Msun

nuc
0.5HLR
IHLR
>HLR

t80 = age at which galaxy gets 80% of mass

Mass assemb|y; * In the inner regions t80 > t80 in outer regions

Galaxies grow Inside-out * Galaxies (including low mass) grow inside-out
*  The downsizing is preserved with the distance
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log M. [M,]

1.3 - 12.0 i1.1-11.3 108~ 11.1 10.4 - 10.8

= e e . 1 Mass assembly:

=

H . - Galaxies grow inside-out

I\l s
o | - |

Garcia-Benito et al., 2017, A&A,
arXiv:1709.00413

(Mo pc~?)

The whole CALIFA sample > 600 galaxias
t80 in > t80 out

lng 3.

Age [Gyr] @ 80% Mass

Independently :

Galaxy Mass
Stellar Mass surface density
Hubble type

At M- e
- C0-Y = cG-:N @ T0n-7d
BN A-3) EEM D436 m 12.0a

In agreement with
MaNGA by lIbarra-
Medel, 2016,
MNRAS, 463, 2799

Age [Gyr] @ B0% Mass
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Mass assembly: Galaxies grow inside-out
log M« [Mg]

11.3-12.0 11.1-11.3 10.8 - 11.1 104 - 10.8

\.\_. ..
—
3

-

———

Radial negative age gradients:
for all types of galaxies,
independent of galaxy Mass,
and Hubble type

» Garcia-Benito et al., 2017, A&A, arXiv:1709.0041
» Gonzalez Delgado et al., 2015, A&A, 581, 103
» Gonzalez Delgado et al., 2014, A&A, 562, 47

2.6

(leg agel Lyrl
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3.7 e :
00 2510 1E 240 25
Radial distance |HLR)
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Spatially resolved SFH (morpholgy vs galaxy Mass)

2D maps of SFH
Radial x lookback time
Mass formed at each epoch per pc2
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6'TL-€' 11

radial distance (HLR)

log lookback time (yr)

9 10
8 9 10 8 9 10
Sbc Sc Sd

O'TT-9°0T

Q
—
—
1
©
o
—

;F‘

9.8-10.6
9'0T-8'6



http://www.iaa.es/~rosa

Spatially resolved SFH: SFR(t)

A e e ¢ R G .. € e wial ity o R — . {
2 4 6 8 10 12 024681012 24681012
lookback time (Gyr) lookback time (Gyr) lookback time (Gyr)

* SFR(t) declines rapidly as the Universe evolves.
« At any epoch, SFR is proportional to Mx

* In the past, SFR was higher in the inner than in the outer regions

Gonzalez Delgado +, 2017, A&A, arXiv:1706.06119
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Spatially resolved SFH: Mass fraction

redshift
0.1 0.4

R<0.5HLR

A7 log M, (M)
4 8.6-9.8

10.6-11.0

e
)
SN
)
Q
S
S~
Y2l
¥a)
g
=0}
<

11.3-11.9

9.0 9.5 10.0 9.0 9.5 10.0
log lookback time (yr) log lookback time (yr)

Galaxies formed very fast.

Peak happens at z >=2

It is independent of M«

redshift
0.1 0.4

1.5<R<2HLR

9.0 9.5 10.0
log lookback time (yr)

Subsequent SFH depends on M« (“"downsizing” effect)

Gonzalez Delgado +, 2017, A&A, arXiv:1706.06119
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Star formation along the Hubble sequence

Local specific SFR: sSFR = Zsrr/U* = T-!

Galaxies are quenched inside-out
e SSFR(R) values scale with Hubble type

e SSFR(R) increases radially outwards, with a
steeper slope in the inner 1 HLR.

e Galaxies are quenched inside-out, and this

process is faster in the central bulge-dominated
part (or the thick disk) than in the disk (thin).

5 quenched

radial distance (HLR)

Gonzalez Delgado +, 2016, A&A, 590, 44



The Scalo b birthrate parameter

E SO Sa Sh SbcSc Sd

b = SFR / (SFR)¢osmic = SSFR 7o (1 — R)
T E_—

> SFR;V !

max,i

) Zi(SFR>cosmic,i V_l

max,i

/

radial distance (HLR)

* The volume averaged birthrate parameter, b' = 0.39 + 0.03,

- Present day Universe is forming stars at ~1/3 of its past average rate.

- E, S0, and the bulge of Sa and Sb contribute little to the recent SFR of the Universe,
which is dominated by the disks of Sbc, Sc, and Sd spirals.



Recent Star formation along the Hubble se

Recent Star formation rate intensity: Radial profiles of Zsrr

bcSc Sd
28 :

Sb Sbesc Sd [ bR |

{¥

1 2
radial distance (HLR)

bcSc Sd||: 0 Sa Sb SbcSc Sdl|: : bcSc Sd
11 28 22 2D 6 11 ‘ ; ;

\ ,,,,,,,,,, 10.6-10.9 ||\ 9-112 || o 112-115

1 2
radial distance (HLR)

® Spirals: ZSFR(1 HLR) ~20 Mo Gyr1 pc?2 Gonzalez Delgado +, 2016, A&A, 590, 44

® Spirals: the dispersion in ZSFR(R) IS small

© MSSF is a sequence with ZSFR ~ constant



lIx-intensity of the SFR: [Ux - Zsrr

Global relation
SDSS: Mx - SFR (MSSF)

Renzini & Peng, 2015

SFR =cte Mx# |, p<1(0.75in RP2015

« SFR=cte ¥ o o(HLR) / Ix(HLR) Mx
* 2srr = cte MxQ

: Mx = cte M*Y
* SFR = cte Mx1-¥(1-0)
* with «<=0.8;y=0.5; <1

confirmed by Cano-Diaz +,

N

2016, ApdJL, with Ha

Local relation
CALIFA: Uk - 2srr

Sa Sb Sbc Sc Sd

Hubble type

Gonzalez Delgado +, 2016, A&A, 590, 44

2 SFR=cte Ux% , a=0.8
cte = local sSFR = ZSFR/U*

iIncreases from early to late type spirals

"~ Globalrelation is sub-linear (< 1)

because the sub-linearity of the local relation



Mergers in the CALIFA sample

Pre-mergers: Mice, IC1623, NGC6090
Mergers: NGC2623

1.0 1.5 2.0
radial distance {HLR)

LATrTr C 1623 W
CALIFA

NGC 6090 SW

1.0 1.5 2.0
radial distance {HLR)

LIRG (1C1623, NGC6090, NGC2323)
MICE: No LIRG

Property Mice IC 1623  NGC 60U NG 2623
CALIFA ID 577 (A); 939(B) - 2045 213
RA 1246 10.7 MO7T463 1611408 0838238
Dec +3043 3% 173032 +522727 +254317
[nteraction stage [Tla IlTh Ih 1AY

1.0 1.5 2.0
radial distance (HLR)

z 0.022049 0.020067 0.029304 0.018509
Scale (kpe/™) 047 0.42 0.61 0.39
HLR (kpc) 4.6 (A) 3.8(B) 2.8 42 i3

Stellar mass (M=) 1.2x 10°4(A), 1L.5x 10'(B) 39x 10" 68x100  354x10° ’ Cort?J:o-Ferrero etal. 2017, MNRAS, _467’3898
log(Leg(Le1) 10.62 11.65 1151 11.54 « Cortijo-Ferrero et al. 2017, A&A, arXiv:1706.01896
SFRw ey (Mo/s™) 3(A). 2(B) 20 5 8  Cortijo-Ferrero et al. 2017, A&A, arXiv:1707.05324
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Mergers in the CALIFA sample

NGC 6090 NGC 6050

¥

radi

2D SFH pre-mergers and mergers compared with
Sbc and Sc of similar mass

0.5 1.5

log g, (M e ¥

» Cortijo-Ferrero et al. 2017, A&A, arXiv:1707.05324
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Spatially resolved SFH (morpholgy vs galaxy Mass)

2D maps of SFH
Radial x lookback time
Mass formed at each epoch per pc2
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Mergers in the CALIFA sample: Global enhancement ?

t < 30Myr
30Myr <t < 30DMyr

« Except for the Mice, mergers show larger
t > 1Gyr fraction of light (and mass) at intermediate (<
Gyr) and young (< 30 Myr) ages

NGC 2623

« Are mergers out of the main sequence of SF?
* merger state?
* time scale?

Pre-mergers (Mice): -
close to prograde orbit 30 Myr ; 1000 Myr

IC 1623 W

NGC 2623

Pre-mergers (IC1623, NGC6090): Mice B
first pericentre passage and

coalescence

log SFR (M, yr™')

mergers (NGC2323):
advance merger

1
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Mergers in the CALIFA sample: SFI, and sSFR in different time scales

< 30 Myr >

1.0 1.5 2.0
radial distance (HLR) radial distance (HLR)

oo e 1O QO-MyE 2 : < 100[? Myr >

N =1
G

I
' [
log X/ 0

SHC e

NG F625 ™ 8& amrn NGC 2
Mice A : N
Mice B : 5 Mice B
05 1.0 15 . 0.5 1.0 1.5
radial distance (HLR) radial distance (HLR)

\'Cj(_i 2623

log lgpp: (M G~ pe

® Major phases of SF occurs in time scales 30 Myr to few 100Myr
® Pre-mergers (1C1623, NGC6090): enhancement of SF spatially extended (center and disk) in scale of 30 Myr
® Pre-mergers Mice: No enhancement of SF

® Mergers (NGC2623): enhancement of SF spatially extended occurs in more extended phase,~1 Gyr, and more
concentrated (inner 1 HLR) in the last 30 Myr
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Parametric SFR: Tau model

Lopez Fernandez +, 2018, A&A, sube

A \
N — e A, (/T

Observational constrains:
« FUV, NUV,
« SDSS-bands,
* indexes (HB, FeMg, and D4000)

 The mass is assembled at earlier epochs in the inner
(= 0.5 HLR) than in the outer (1-2 HLR) regions.

« The time since the onset of the star formation, to, is
higher in the inner (fo ~ 13—10 Gyr, for Sa to Sd) than
the outer regions (to ~ 11-9 Gyr, for Sa to Sd)

« The e-folding time, T, is similar or smaller in the inner
than the outer regions.

These results confirm that galaxies, of any
| A morphological type, grow inside-out.
|2b= # - ® * |

o u B u

M1 M2 M3 M4 OME O Me M7 ME MO
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Parametric SFR: Tau model

Lopez Fernandez +, 2017, A&A, in prep
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* sSFR declines rapidly as the Universe evolves, but more rapidly for early than
late type galaxies, and for the inner than the outer regions of galaxies.
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Cosmic evolution of the OSFR and sSFR

Lopez Fernandez +, 2017, A&A, in prep Lehnert +, 2015, A&A,577, 112

redshift
0.2 0.5 1 — Elbaz- 2011 sSFR=261""
: : : — 3SER(Z)=(142)" My

’ Turbulance- g relstion

* R < 0.5 HLR
1.0 % 1<R<2HLR

* CALIFA. .

&
A

2

o

0
S,
N
o
R
o
L
=T
'E.

OCliver1( FaulnarD5 | |
Elcaz11 Stark09
Elcaz07 Magdis10
Daddio? Daddiod
Dunne0q Stark13
Redighierc10 libart13

b EHO SO

6 8 10 12 14
Lookback time (Gyr)

i

) 1
redshift

\

At z=0, inner regions have larger sSFR than outer regions

At z >1, inner and outer regions have similar sSFR

sSFR declines with time in similar way as the redshift survey galaxies

at z>2, that our estimations are in the lower envelope of the high redshift galaxies
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Cosmic evolution of the OSFR and sSFR

Lopez Fernandez +, 2017, A&A, in prep Driver +, 2017, MNRAS, arXiv:1710.06628

Redshift
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redshift
0'.2 0.5 1

GAMA/G10/3DHST -« « Davies et al fit
Boume et al (2017) = =+ Madau & Dickinson fit
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Now: Most of the star formation is occurring in the disks of spirals (R > 1 HLR)

Now: E, SO, and the bulge of Sa and Sb contribute little to the recent SFR of the Universe,
which is dominated by the disks of Sbc, Sc, and Sd spirals.

In the past (z > 1): The progenitors of ETG are the main contributors to pser.

In the past (z > 1): Inner and outer regions contribute in a similar way to psrr

CALIFA sample is very suited for obtaining the SFR density of the Universe
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Cosmic evolution of Main Sequence of Star Formation

E S0

log SFR (M ©oyr™")

Sb 3 bCS(‘; Sd

Dyr |
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log SFR (M¢
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SFH: fossil record cosmology vs. redshift galaxy surveys

 The average SFH of CALIFA galaxies
confirms that galaxies grow their mass
mainly in a mode that is well represented by
a T-delayed or exponential mode.

 The peak is at high redshift (z~-2), and
the e-folding time ~ 3.9 Gyr.

» An additional secondary mode scale free
mass growth, as detected in the SFH of
galaxies by using non-parametric models,

, P ; : cannot be successfully modeled by using a

P combination of two-exponential SFR laws.

S8 00 92 94 95 98 100
log Lookback time (yr)

Fig. 9. The mass fractions, m(t) obtained with parametric SI'Hs: 7
delayed (hlack), a combination of two exponential ST'R (blue), and non-
parametric SI'H derived with the sTARLIGHT code (red), are compared
with m(r) from (Madau & Dickinson 2014) (green stars). The shaded
bands around the mean curves represent + the error in the mean.
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Conclusions: Impact of CALIFA survey

for a successful continuation of CAHA.

DR3 released 11 April 2016 (the collaboration is closed today).
CALIFA was a pioneer project in the field of 3D IFS surveys.

It has been the most successful project done in CAHA.
Legacy projects like CALIFA seem to be the most useful way
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