’ > ,_ 5 _M61 (credit: ESA/Hubble)
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Extragalactic astronomy A universe in a grain of sand...
A century in the making

. Hubble’s Ultra Deep Field (credit: ESA/Hubble, 2004) , . ' . ‘ . » e Webb’s Deep Field (credit: NASA/JWST, 2022)
b 2 ' » g ‘. - <




Galaxies in the Universe
Properties and scaling relations

Diverse galaxy population

= distinct classes of morphologies, structures,
colors, star-formation activities

How can we understand their formation and evolution?
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Scaling relations:
tight correlations observed between galaxy properties
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Galaxies in the Universe
Properties and scaling relations

Schmidt-Kennicutt relation:

’
¢ correlation between the gas surface density ( Zgas ) and
"\] star-formation rate surface density ( Zqpg ) of galaxies
LOG-LOG SPACKE P [Schmidt 1959, 1963; Kennicutt 1998]

|:> more gas forms more stars

Depletion time: 7. = Z.,/ Zgpp

Time it takes to turn all the present gas
Into stars at the current star-formation rate

SFR SURFACE DENSITY

A DEPLETION TIME

GAS SURFACE DENSITY
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Galaxies in the Universe
Properties and scaling relations

Schmidt-Kennicutt relation:

¢
| Doddie QO0:Fig 2(ecpred e ot correlation between the gas surface density ( Zgas ) and
g o <z2<23 d \] star-formation rate surface density ( Z¢pg ) of galaxies
" : [Schmidt 1959, 1963; Kennicutt 1998]
: &
: @5” |:> more gas forms more stars
C|\] 1 :_ Q;QO
O - 0\3
S o
|$-< 0 F ULIRGS .
=~ - Sun+ (2023); Fig. 1 (adapted) v 4
>k e e L |
- - Power law fits: %
= + e 2N Molecular gas surface density (2, )
v TLE e / results in a ~ linear relation
5-4) - %6 ] C'T_‘ [ MW oco
N z 1 8 | Bl3ao |
S _oF . 1 2 2] o oeo |:> more molecular gas forms more stars
B ata: 1 L :
%0 E Kennicutt 1998; 1 =
— e Bouché+ 2007; 1 EQ V- o
E Bigiel+ 2008; E &= l,/ . 7-;" '
gl Bothwell+ 2009; - g 10-? PRI D ANGS-
; galddli+ 22(5)11 cc))_; ; 7 T / "";"iji"'?.f } ALMA
- T:cconi+ 201,0 ; il 4;5 ‘,‘l‘;f" z~0 |
A : b R ontours+limits:
_4"1.~|1111 111111111111111111LJ111111111[11111111111111' 10_4:.....'.- .‘“lq CF:duCIleonlty-
~1 Ry . 1 - 1 32 2 e T Even tighter, linear correlation
¢ logyg X Mg yr~! pc?] ¢ Zmol [Mo pe™] considering high-density gas

|:> more dense, molecular gas forms more stars
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Galaxies in the Universe
Properties and scaling relations

Star-forming main sequence (SFMS):

tight correlation between the stellar mass (M, ) o &
LOG-LOG SPACE P

.
L4
4
=z
= é
k= »
< P
4
Qo
U
N4
-4
}...
N
P

and star-formation rate ( SFR ) of galaxies

:> the more stars a galaxy has,
the more stars it forms

S . GALAXIES

STELLAR MASS

lllllllllllllllllllllllllllllllllllllllllllll

---------------------------------------------

Elia Cenci - Ecogia Science Meeting Versoix - 25.11.2024



Galaxies in the Universe
Properties and scaling relations

Star-forming main sequence (SFMS):
tight correlation between the stellar mass (M, )

and star-formation rate ( SFR ) of galaxies

:> the more stars a galaxy has,
the more stars it forms

Observed both at low and high redshift

[e.g., Brinchmann+ 2004; Daddi+ 2007; Salim+ 2007]

Normalisation increases with redshift, as gas fractions
are higher at earlier epochs, while its slope and scatter

only mildly change with redshift and stellar mass

[e.g., Daddi+ 2010; Leslie+ 2020; Noeske+ 2007; Whitaker+ 2012; Speagle+ 2014;
Schreiber+ 2015]

Elia Cenci - Ecogia Science Meeting
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SDSS-DR7; Ha + SED fit
0.02 < z<0.085

Renzini & Peng (2015); Fig. 4 (adapted)
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Galaxies in the Universe
Properties and scaling relations

Star-forming main sequence (SFMS):

<)
tight correlation between the stellar mass (M, ) oL e 4{9 . g g;g&

o
<
4
2
= é
k= P
= P
g
&2 ‘t
U
4
<
i...
L ¥4
P

and star-formation rate ( SFR ) of galaxies

:> the more stars a galaxy has,
the more stars it forms

Observed both at low and high redshift

[e.g., Brinchmann+ 2004; Daddi+ 2007; Salim+ 2007]

GALAXIES

Normalisation increases with redshift, as gas fractions
are higher at earlier epochs, while its slope and scatter

only mildly change with redshift and stellar mass

[e.g., Daddi+ 2010; Leslie+ 2020; Noeske+ 2007; Whitaker+ 2012; Speagle+ 2014;
Schreiber+ 2015]

o
o scatter

STELLAR MASS

What causes galaxies to scatter around the main sequence?

[see also, e.g., Tacchella+ 2016a]
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Starburst galaxies
An introduction

Outliers above the star-forming main sequence

GALAXIES

STELLAR MASS

Elia Cenci - Ecogia Science Meeting Versoix - 25.11.2024



Starburst galaxies
An introduction

Outliers above the star-forming main sequence

1-5% of all star-forming galaxiesatz =0 — 1

With their intense star formation activity, SB galaxies form a
large fraction of their stellar mass in up to a few 100 Myr

GALAXIES

R-FORMATION RATE

S sra

STELLAR MASS
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Starburst galaxies
An introduction

Outliers above the star-forming main sequence

1-5% of all star-forming galaxiesatz =0 — 1

With their intense star formation activity, SB galaxies form a
large fraction of their stellar mass in up to a few 100 Myr

‘IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII‘

SFR SURFACE DENSITY

[ |

" Separate sequence in the Schmidt-Kennicutt plane, E

E with larger Xqpg at fixed Zgas (i.e., shorter 14..)) E
‘.lIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII‘. i' DE?LETIOMTIME

GAS SURFACE DENSITY
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Starburst galaxies
An introduction

Outliers above the star-forming main sequence

1-5% of all star-forming galaxiesatz =0 — 1

™~
=
With their intense star formation activity, SB galaxies form a "-ﬁ
large fraction of their stellar mass in up to a few 100 Myr }g
L
U
Separate sequence in the Schmidt-Kennicutt plane, &
with larger 2gpg at fixed 2, (i.e., shorter 74, g
?! [
S \ DEPLETION TIME

GAS SURFACE DENSITY
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NGC 4038-4039 ('Antennae’ ; credit: ESA/Hubble)

Starburst galaxies
An introduction

Outliers above the star-forming main sequence

1-5% of all star-forming galaxiesatz =0 — 1

With their intense star formation activity, SB galaxies form a
large fraction of their stellar mass in up to a few 100 Myr

Separate sequence in the Schmidt-Kennicutt plane,
with larger 2gpg at fixed 2, (i.e., shorter 74, hat is causing

2z Larger molecular gas reservoir
[e.g., Combes+1994; Casasola+2004; Scoville+2016, 2017; Tacconi+2018]

L\

Increased efficiency in converting gas into stars
[e.g., Sofue+1993; Solomon & Sage 1988; Sargent+2014; Michiyama+2016;
Silverman+2015, 2018; Feldmann 2020]

L\

Caused by interactions
[e.g., Genzel+2010; Ellison+2013; Renaud+2014; Hopkins+2018;
Moreno+2019; Renaud+2019; Pan+2018; Segovia Otero+2022]

L\

Not caused by mergers
[e.g., Di Matteo+2008, 2009; 2009; Sparre & Springel 2016; Violino+2018;
Wilkinson+2018]
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NGC 4038-4039 ('Antennae’ ; credit: ESA/Hubble)

Starburst galaxies
An introduction

Outliers above the star-forming main sequence

1-5% of all star-forming galaxiesatz =0 — 1

With their intense star formation activity, SB galaxies form a
large fraction of their stellar mass in up to a few 100 Myr

Separate sequence in the Schmidt-Kennicutt plane,
with larger 2gpg at fixed 2, (i.e., shorter 74, What is causing

2z Larger molecular gas reservoir
[e.g., Combes+1994; Casasola+2004; Scoville+2016, 2017; Tacconi+2018]

L\

Increased efficiency in converting gas into stars
[e.g., Sofue+1993; Solomon & Sage 1988; Sargent+2014; Michiyama+2016;
Silverman+2015, 2018; Feldmann 2020]

L\

Caused by interactions
[e.g., Genzel+2010; Ellison+2013; Renaud+2014; Hopkins+2018;
Moreno+2019; Renaud+2019; Pan+2018; Segovia Otero+2022]

L\

Not caused by mergers
[e.g., Di Matteo+2008, 2009; 2009; Sparre & Springel 2016; Violino+2018;
Wilkinson+2018]

AR EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEER®
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Numerical Methods . el ler o
Cosmological hydrodynamical simulations

SIMULATED

-~

M101 (credit: HST - NASA/ESA)

Mock HST images of z = O FIRE simulated galaxies. Credit: Phil Hopkins, 2015
[ http://www.tapir.caltech.edu/~phopkins/Site/animations/gallery-of-simulated-galaxi/ ]



http://www.tapir.caltech.edu/~phopkins/Site/animations/gallery-of-simulated-galaxi/

Numerical Methods
Cosmological hydrodynamical simulations

Studying starburst galaxies in simulations:

2 galaxy interactions
2 large galaxy sample (for statistics) across cosmic time

2 wide range of galaxy masses
2 realistic prescription for star formation and feedback
2 accurate modelling of the inter-stellar medium (ISM)

Need to model a cosmological environment as well as
processes on small scales (stellar clusters, or below)

|:> large simulation box

|:> high (spatial and mass) resolution

|:> accurate sub-grid physics

Elia Cenci - Ecogia Science Meeting

Zoom (details)

Large volume (statistics)

Dark matter only (N-body)

Via Lactea

T e e " e
TR AT > AT

Millennium-

‘‘‘‘
-----

Millennium

Vogelsberger et al. (2020); Fig. 1

(adapted)

Dark matter + baryons (hydrodynamical)

APOSTLE

Latte/FIRE
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Numerical Methods
FIREbox and the FIRE-2 model

FIREbox R

[Fe|dmanﬂ, "y EC, et al, 2023, M NRAS] . Feedback In Realistic Environmerﬁ%

Cubic (non-zoom) cosmological volume, high-resolution
simulation with periodic boundary conditions.

V = (22 cMpc)*

m, = 6.26 X 10" M
= 1.5 pc

ggas,min

e, =12 pc

Part of the FIRE project [Hopkins+2014, 2018], with FIRE-2 physics
model, accounting for gas cooling and heating, star formation,
and stellar feedback (AGN feedback is not includeq).

Star-formation prescription:
dense, Jeans-unstable, self-shielded, gas with 100% efficiency

per free-fall time

PSFR = sz/tff Credit: Lichen Liang

3
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Origin and evolution of starburst galaxies in cosmological simulations

Contents

What is the origin of starbursts? How do starburst galaxies evolve?

Starburst driven by central gas compaction
[Cenci et al., 2024a, MNRAS]

) What are the consequences of starbursts on the galactic kinematics and structure?

Starburst-induced gas-star kinematic misalignment
[Cenci et al., 2024b, ApdJ Letters]

On the fraction of impostor post-starburst galaxies [early results]
[Cenci et al., 2024c, in prep.]
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Origin and evolution of starburst galaxies in cosmological simulations

Contents

What is the origin of starbursts? How do starburst galaxies evolve?

Starburst driven by central gas compaction
[Cenci et al., 2024a, MNRAS]

NGC 4038-4039 (Antennae’ ; credit: ESA/Hubble)
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Starbursts Driven by Central Gas Compaction
Starburst and control samples

LOG-LOG SPACKE & g(

pl

<

4

Z

2 y
> P
< P

4

-

U

4

<

%.....

74

P

» FIREbox galaxies : M, > 10°M,,z=0—1

©» SFMS in FIREbox :
lg sSFRypys = A (1 4+2)% 1gM, + B (1 +2)”

]
S & GALAXIES

STELLAR MASS
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Starbursts Driven by Central Gas Compaction
Starburst and control samples

LOG-LOG SPACKE

» FIREbox galaxies : M, > 10° Mgy, z=0-1 izg-
7

2 SFMS in FIREbox : %

lg sSSFRgpys = A (1 4+2)% IlgM, + B (14 2)” ., .
< &
= “"
o N7 4 ' 38 ‘GALAXIES
Fl + & 73
Vg T
T ’
Ry~

\ 3

STELLAR MASS
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Starbursts Driven by Central Gas Compaction
Starburst and control samples

LOG-LOG SPACKE

» FIREbox galaxies : M, > 10°M,,z=0—1

©» SFMS in FIREbox :
lg sSFRypys = A (1 4+2)% 1gM, + B (1 +2)”

B Starburst (SB) sample :
SFR X 4 above the SFMS (OMS > 0.6 dex )

GALAXIES

*

STAR-FORMATION KATE

2

\ 3

STELLAR MASS
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Starbursts Driven by Central Gas Compaction
Starburst and control samples

LOG-LOG SPACKE

» FIREbox galaxies : M, > 10°M,,z=0—1 32.
V4
» SFMS in FIREbox : %
lg sSFRgpvs = A (1 +2)% 1gM, + B (1 +2)” =
é

B Starburst (SB) sample : %’ G ALAXIES
SFR X 4 above the SFMS (OMS > 0.6 dex) 0
A4
B> Control (ctrl) sample : “?5
Mass- and redshift-matched of non-SB galaxies o
4

STELLAR MASS
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Starbursts Driven by Central Gas Compaction

Starburst fraction

?  The SB fraction increases with increasing z
and with decreasing M,

> For Ar,, = 5,20, 100 Myr, SB galaxies
make up ~ 5,4, | % of star-forming galaxies,

respectively

Elia Cenci - Ecogia Science Meeting
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Starbursts Driven by Central Gas Compaction
More gas or more efficient star-formation?

During the SB

2  On average, SB galaxies have shorter molecular gas depletion times
(Zaepl, 1, ™~ 200 Myr) and larger molecular gas than control galaxies.

»  Both My and 4., y, change in the ~ 50 Myr prior to the SB, with a

more significant change in ¢ ~ 50 Myr
J J depl, H, before the SB

L] I/’ L] L] L] L] L] L] I L] L] L] L] I L] L] L] L]

L] I/’ L] L] L] L] L] L] I L] L] L] L] I L] L] L] L]

2""I""I""

- FIREbox "1 FIREbox "1 FIREbox
- Aty = 5 Myr ’ 4t Atbayg = 20 Myr 7 T Al = 100 Myr ’
1- 4 F . < w S| N
- z=0-—1

:1\
Is_4 .
> 6 .
©
=
SN——" - -
~—
aa
[ - -
2 ,
o0 S @ Dbefore SB
] ./," %  during SB -
PP R R B S L
§ 7 8 9 10 §
lg My, /Mg
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Starbursts Driven by Central Gas Compaction
How do galaxies become SBs?

] I ] ] ] I ] ] ] I ] ] ] I ] ] ] I ] ] 'I I ] ]

2  Evolution from control to SB sequence by increasing
both fqr and f; in the ~ 70 Myr prior to the SB

?  The fqp increases more than sz, resulting in shorter

depletion times & z
p CL}S i C)QQ// — Q/ N . |
-~ _3.0F : : / -
,E‘O i ’ -: ; //C)Q) 1
? Reversed path in the ~ 70 Myr after the SB : E S _
_ 39k //xﬁ\%@ |
i K A A 1
ol
7
- o ® 7 -
_ u 2 _
A - ~ 70 Myr 3'4_—--_.."___// O lgM./Mo =9 -
E after the SB o 9 <lgM,/Ms <10 .
% SBt —36- A g M, /Mg > 10 |
MO (| FUP— o il N i i R . ' P R R R R R R
i -14 -12 -10 -08 =06 —-04
~ |
~ 70 Myr g sz
prior to the SB time
">

fSF : fraction of high-density, star-forming gas
Ju, * fraction of molecular gas
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Starbursts Driven by Central Gas Compaction
How do galaxies become SBs?

' ' | ' ' ' | ' ' ' | ' ' ' |
10.2F time since SB [Myr] /) )
2  Evolution from control to SB sequence by increasing " O: - R ,' "A"A'I""-:ﬁ '
the central mass at constant M, in the ~ 70 Myr Tt —0 0 ol ,l ]
- I !
prior to the SB z@ 0.8f /// : )
?  Reversed path in the ~ 70 Myr after the SB \% 0 6- /// /// -
o0 UL

= N el

o 9 4 - \3«@9 // \}@Q P 4 -
— %@0\, P %Q)Q\,//
: X 7 52 :
9.2 // oo ;Q// O g M*/M@ <9 -
' ,",l—‘ """ 7 0 < lg M, /M, <10 -
- / -
A ~ 70 Myr 9.0r / // A g M, /Mg > 10 -
(ﬁ after the SB A T T RSP W
= SBt 7.8 3.0 3.2 8.4 3.6
_._i ..... o ol o o i e o Dt ; 1gMgaS/M® (< 1kpC)
~ 70 Myr
prior to the SB time
>
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Starbursts Driven by Central Gas Compaction
How do galaxies become SBs?

[see also, e.g., Dekel&Burkert 2014; Danovich+ 2015; Zolotov+ 2015; Tacchella+ 2016a; Lapiner+ 2023]

T 1 T T |
Gras is funinelled towards B i —_— o M./ M~ <9 _-
the central regions 0.2 ! 9g ]*/MQ/K/[ <10 "

! I === I<IgMy/ Mo = 1
0.0F e j ------ lg M, /Mo > 10
b 3y | TN
MgaS (1 kpc) ﬁ % : ................... ;7 i \\’ L ... i uemmsesad
>< _0.2 o ”II ”/.’/ i ’.:¢\~~~~~~ —
\ -__—— ’},, i e ~~~~~~~_
>< O 4 :'---. “"}’/ i | \\...' —-
More dense and o0 L T Ttteea et :// i S,
molecular gas — - > PR e O
- = i
—0.0F _.-= |
Ju, s Jsr L -~ | = X =SFR (Atayg = 20 Myr)
i —— X = Mg (< 1kpe)
! depl , H, & s A T I ! A |
—60 —40 —20 0 20 40 60

Intense star - formation
(the skarburst) X

time since SB [Myr]

g
o

Strong stellar
feedback ends the SB

Central gas compaction drives the increase
In the dense (and molecular) gas fraction
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Starbursts Driven by Central Gas Compaction
What is the role of galaxy interactions®?

-
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Starbursts Driven by Central Gas Compaction
What is the role of galaxy interactions®?

2  Main SBs driver at high masses and increasing importance at low redshifts
> Preferentially selected by longer Az,
2z  Significant fraction of non-interacting SBs, especially at low masses
2  Major mergers result in the largest difference between the fractions
of interacting SB and control galaxies o’
. - @
1:50
8 100%-_ b | | | |
% interaction class
E‘@O 80%‘ 100: MG CP FB NI FB CP MG
%D e [ | minor (¢ < 1:4) | | major (¢ > 1:4) |
g 60% I N I B " £ =SB
o < ctr
fg 1: ““““ IL‘“““}_“_“_“_;] “““ 5 107°F o
= 40%E o Tl S ) S S i ' :
S - A } - 8D o
© B ”’ 4% 0 % o0 % w
g 20% N == Alay =5 Myr é 9 % % g g %:O
S g —— Aty = 20 Myr =l B : N E
g S ELILE Atgg = 100 Myr | _ A E 1 E
() br—— | EPEE B I ' B <20 50-20  200-50 / 200-50  50-20 <20

1, M BT ErErErEre B B
0 02 04 06 08 18 85 9 95 10 105 11 1L5
redshift lg M, /Mg

closest approach distance [kpc]
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Starbursts Driven by Central Gas Compaction
You too can become a starburst

E fraction of galaxies that will SB ( fet1=sB)
§ 0 0% 0% 60%  S0%  100%
7 T T T .
3 4.0 e
c:; | | | :
2 3.5F NI-ctrl sample ]
g 5
e E ’,/
'M b d
O
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7T T e 2
go ‘ fctrliSB ]
S ERT I St -~ - 29I 20% N
—-— 50% 1
— 80% A
: : ] : : : : ] : : : : ] : L
9.0 9.5 10.0

lg MHI+H2/M® »

how much gas
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Starbursts Driven by Central Gas Compaction
You too can become a starburst

E fraction of galaxies that will SB ( fet1=sB)
§ 0 00 40%  60%  80%  100%
7 - T T T
3 4.0 e
c:; | | | :
2 3.5F NI-ctrl sample ]
g 5
e E ”/
< -
O
O,
=< [ 7 e__ "= .
SO ‘ fctrléSB i
bo ‘ ....... 20% _'
—-— 50% 1

more ]
unstable 80% -

PR TR I T T S TR I T R TN S R "
9.0 9.5 10.0

lg MHI+H2/M® »

how much gas

gaso-gas

M

gas

(Toomre-like) instability
parameter for gas
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Starbursts Driven by Central Gas Compaction
You too can become a starburst

how much gas

gaso-gas

M

gas

(Toomre-like) instability
parameter for gas
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2 Unstable non-interacting control galaxies

will more likely become a SB

2 The more unstable, the sooner the SB

E fraction of galaxies that will SB ( fet1=sB)
§ 0 0% 40%  60% 0% 100%
—— .
7 r - T T N
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Starbursts Driven by Central Gas Compaction

Summary

2  SBs result from globally unstable gas reservoirs
experiencing a compaction event

2  The more gravitationally unstable the gas reservoir is,
the sooner the SB happens

2  Prior to the SB, the fraction of high-density and
molecular gas increase together with the gas mass
In the central regions, at fixed total gas mass

2 SBs have shorter depletion times, larger molecular
gas masses, and similar total gas masses to non-SB
control galaxies

2 Interactions can be associated with SBs, but they are
dominant only in massive galaxies
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Origin and evolution of starburst galaxies in cosmological simulations
Summary I'hat’s all rolks!
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Origin and evolution of starburst galaxies in cosmological simulations
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