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The need for feedback

0.1,_ T T Il]ll[l T T IIIII]] T T l]‘]]l‘ T T IIIIITI T T 1T 1TTT
z | P Behroozi+18
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5 0.01 = E
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c - P - — « Reddick etal. 2013 (AM) * 1
T -
> I/| i == =« = Moster etal. 2010 (AM) i
3 / Moster et al. 2013 (EM)
L 0.001 =" * = == =« Moster etal. 2018 (EM) -
2 i / Lu et al. 2015 (EM)
7 C * Rodriguez-Puebla et al. 2017 (EM)
3 - / Wang et al. 2013 (CSMF)
5 - /' + ==« Birrer etal. 2014 (EM)
8 - we w= Behroozi et al. 2013 (EM) s s Lin & Mohr 2004 (CL)
T — Yang etal. 2012 (CSMF) Kravtsov etal. 2018 (CL)
0.0001 = Hansen et al. 2009 (CL) s Behroozi et al. 2018 (EM)
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Croton+06, Dekel+06, Martlggmgr?ﬁufcallbi
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gas inflow —

gas cooling

gas outflow

Man & Belli 18
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(i) Gas does not accrete
+ Cosmological starvation

(i) Gas does not cool
* Virial shock heating
+ AGN feedback

* Gravitational heating

* Stellar feedback

(iii) Cold gas does not form stars
/ * Morphological quenching

+ Bar quenching
* AGN feedback
* Magnetic fields

(iv) Cold gas is rapidly consumed
+ Mergers

* Disk instabilities

* Positive AGN feedback

(v) Gas is removed
+ AGN feedback

« stellar feedback
* ram-pressure stripping

5, Peﬂ%+_‘l5m%1/:%l1<§16, Hirschmann+16, Harrison+17
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Amount of metals

produced by an SSP
normalized to a
Hubble time

1.0 1

0.8 1

0.6 1

0.4 -

0.2 1

0.0

Time scales

Core-collapse SNe-la and AGBs
SNe

Cumul. mass norm. to Hubble time

— 0 — N
— C — Fe
102 107  10° 10

Time after star formation (Gyr)
Maiolino & Mannucci+19



Integrated values for each galaxy

12 + log(O/H)

9.4

9.2

9.0

8.8

8.6

8.4

8.2

Integrated and resolved

T

8.0

Tremonti+04

12 + log(O/H) M08
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logM,)
Belfiore+15
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Resolved/gradients

12+1log (O/H)

76 78 8.0 82

o

9.20

9.00

8.80

8.60

Tissera+16
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F, (arbitrary scaled)

0.4

0.21

0.8}

0.6

Metallicities

Stellar metaII|C|ty (UV+opt+nearIR)

3
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100

E2xcounts/sec/keV

-
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| — Stacked spectrum

— Bestfit
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Fe5335
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1 2
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Mannucci
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warm ISM (UV+opt+nearlR)
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Measuring Gas-phase metallicity

2. RL
OII4650
ClI4267

e most reliable?

* very faint lines

* different abundances

from different lines
* Inconsistencies

. T T
: 1.6 1 log(O/H)+12

12 4 1 __ 939 __ 869  7.99
917 __ 839 __7.69
817

1 .

0.8

0.6

24363

log ([OINI]/HB)

25007

¥ T -
3270 51.84 88.4u

I
4265 4270 4640

strong line method
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Three methods

1. “direct” methods based on Collisionally-Excited lines (CEL)

I
N (X1 I\ e(HP) ;,:6‘ :
N(HT) " I(HP) ) 'g
TV) 4 ~ « g 5
hc 6 —0.4_—x/kT 9%0 5% 5 B
e(A) = 5y 8.63 x 107 °(2/wq )T, e X/ e A
Z 2 = _
E / - Z
I
0 | | o WW
Measuring temperature: 'Te' Method #000 Wavelength (&)
Kniazev+00
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Three methods

1. “direct” methods based on Collisionally-Excited lines (CEL)

 a5ey Te from flux ratios of CEL lines with different
excitation potential:

[OIII]1661/5007

200V [OI1I] 4363/5007
[OI1]7320/3727

_ [NII] 5755/6548

; : S [SII] 6312/9532

32.7u 5181 88.4u Trace different parts of the HII regions

22321| [22331 |14363

24959 (A5007

Oxygen = main coolants — Te is anticorrelated with abundance

— auroral line flux anticorrelate with abundance (very faint at Z>Z®)

Auroral/Balmer ~ 10-2

F. Mannucci -  Workshop per un Laboratorio INAF di Spettroscopia - Roma - 10/6/2019



Three methods

1. “direct” methods based on Collisionally-Excited lines (CEL)

PPAk V500 grating Marino +1 3

—T T T T T T A S e s e e e —

[o1] 5007

[¢)]
o
TTT]

Hypotheses: _ 7 ’""y | J UGC12494—001_§
* isothermal regions = =
» Hf and CEL from the same region
« LTE

e all relevant 1onisation states observed

I
o

HIIIHHLII
iOII]ms*s? 9

F, (101%erg cm? s1)
w
S

N
o
TTTTTTTTTTTT

[NH] 6583
[su] 6717

—_
o
TTTTTTTTTT

Oé !?x\JM&x =
1 (A) 6000 7000
[OI11]: Ja959 + Jasoor _ 7-90 exp(3.29 - 10%/T)
' Fad363 1+4.5-10"4n,/T"/? Problem: I([OIlI]4363)/(Hf3) ~ 10-2
*detected 1n low-Z local galaxies
|INII]: Jaosas + Jxesss _ 8.23 exp(2.50 - 10%/T) *detected 1n stacks
JA5755 1+4.4-10"3n,/T"/?

Dinerstein 90; Skillman 98; Garnett 02; Stasinska 07, Jones+15
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Three methods

he | Ol 8446,8447
€A) = hvgrec(X) = 3 aers(N) | Ol 4639, 4642,4649

1 Olll 3265
o _ o | OIV 4631,

NX*)  MA) aee(HB) I(A) L . NIl 4237,4242,
NH*Y) ~ 4861 aer(h) I(HB) = | | NIl 4379
1 Cll 4267
| Clil 4647
_ I ClIv4657.

I(CTIX4267) I(O11)4650) = ontv af |
~ nly a tfew regions
I(Hp) I(Hp)

Peimbert+03,04, 07!, TsAMiz+03: EsteAtes s ST 2ePIRS AR SR 0 U SEBERSAESA U7 Tibiay Bgn Cipriano+17



Three methods

3. Photoinization models ("theoretical" method)

Kewley+14

1_5""I""I""I"'I""I""

. : log(O/H)+12 1

Assumptions: | i e |

- shape of the ionizing continuum 1.0} —899 -
jonisation parameter

gas density i

geometry

chemical abundances
dust distribution

dust depletion

clouds ionization bound
constant density/pressure

log ([OII]/HB)

,,,,,,

20 15 10 -05 0.0 05 -2
log ([NII]/Ha)

Single regions rather than a statistical distribution
U = g/c = Qion/(411r°nec)

CLOUDY (Ferland+13), Mappings (Binette+85; Sutherland and Dopita 93; Dopita +13)
F. Mannucci -  Workshop per un Laboratorio INAF di Spettroscopia - Roma - 10/6/2019



Large differences:

Te and RL only on a few HIl regions

Te only in low-Z galaxies, RL only at high-Z
- Z(re) ~

Constant, does not depend on HII properties

Z(RL)

0.2-0.3

Effect -
Temperature fluctuations
High density clumps (Ne>105 cm-3)
Chemical inhomogeneities Te
Flourescence Te

NLTE effects

Diffused lonized gas (DIG)

Best value
RL

9.5

9.0}

T. Method

vs. le

Lopez-Sanchez+12, Blanc+15

A=—-0.24
0,=0.06
. ool ]
D
R 1\
S
» R

7.5 8.0 85 9.0 9.5
12+log(0/H) — RL




12 + log (O/H)

O
IIII

/

0 @ 0 0
N IS o o8

0

Large differences: Ie vs theoretical

Theoretical values usually higher (0.2-0.6) than Te ones

TT
1

7IIIIIII|

~e |

o X
ool Vg
Theoretical %NGC1097 (SBb)
/ — 9 i : '

/
/
/

o

1
1

1
|/|4/|||:|||||||||||

— O\\\]‘g E
: "~ k0 S 9.0 \‘%-1\ | \ii\?ﬁ\ |
- PPOs empirical (Te) —&ssf - > .
: -~ / p ( ) + h‘l'\ !I ¥ i -
_I PR N N T TN NN TN S U NN TN T S S R S N N R RN g 80 NGC3184 (SAB d) NGCSIQB (SBg T
0 02 04 06 08 1 1.2 = °1 REERE o °1 -

R/R . . .

g / |.25 16 P/st p/Pas
resalin Moustakas+15

NGC2403 (SABcd)

Bresolin+09, Simon-Diaz+10,11, Gazak+15, Davies+16
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Which (if any) is right”

Comparison with young stars, RSG and BSG
Reliable abundances based on high-res spectroscopy and stellar models

I ' ' ' 8.7 ''''''''''''''''

Orion:  Simon-Diaz & Stasinska 11 1 06 °sF NGC300: Davies+17 s o— [

:_ RL _: . 02 His G- - - E
: I I I I I I +dust ] = 8.5 gt 1, ]
B 7 @) ;;\ ‘ |:|"“ii1i|rI=E=i Fi53 | A ]
[ 1 %% Te-CEL % g % d [T [ ]
i STARS § j%_o 8'4: = Lo = B 04 T ¢ RIT= Bt '" -
: . . . . CEL o 83 ~Stars E 1 7 'O'G? 1 !ik “ '“‘
L . . +dust 08f 1
) 8.2} Toribio San Cipriano+17 LMC - Wk 1

‘ - 0.0 0.2 0.4 0.6 0.8 1.0 o0 oz R 0s 1o
dust properties R/R»s

Conflicting results, depend on:
+ How stellar metallicities are computed
+ Abundance ratios assumed
» How RL and Te metallicities are computed Bresolin+07, Simoén-Diaz+10, Simén-Diaz & Stasinska 11,

* Radial gradlents inside gaIaXIGS Kudritzki+12, Hosek+14, Lardo+15, Gazak+15, Bresolin+16;

+ Corrections for dust depletion Davies+17, Toribio San Cipriano+17
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Measuring Gas-phase metallicity

0.5

- e(O)go,s

e(O)stors

-0.5

7.9 3 3.5 9

€ (O)stors
Results:

- Agreement between empircal gas-phase and stellar metallicities
- Te-CEL works better over a large range of (sub-solar) metallicities
better at high (super-solar) metallicities?

Te-CEL




Strong line calibrations

Maiolino+08

Based on Te (emprical) or models (theoretical)

* measure metallicity with one of the previous methods
* compare metallicity with line flux ratios

calibrate the relations

HIl and galaxies

[ J
log [NII]/Ha

—

.Empirical

Pilyugin 00,01, 03, Denicolo+02, Pilyugin & Thuan 05, Pérez-Montero & Diaz 2005,
Stasinska 06; Yin+07; Peimbert+07, Pilyugin+10, 12; Marino+13;, Bianco+15,
Brown+16, Pilyugin and Grebel 16, Curti+17,19

2. Theoretical

McGaugh 91; Zaritsky+94; Dopita+00; Charlot & Longhetti 01; Kewley & Dopita 02,
Kobulnicky & Kweley 04, Levesque+10, Tremonti+04, Dopita+13,16, Perez-
Montero+14

log [OIII]/HB

0.5

s g
. . s <
3.Semi-empirical g 0o g 1
Alloin+79; Pagel +79; Edmunds & Pagel 84; McCall+85; Dopita & Evans 86; Skillman g B 5
89, Pettini & Pagel 04, Nagao+06, Maiolino+08, ~05

L lllllllllllllllIlllIllllIllllIllIlllll

ILIIIIII[II]'III

111‘\1\1‘\11\‘\1\\‘\

7.0 7.5 8.0 8.5 9.0 7.5 8.0 8.5 9.0
12+log(0/H) 12+log(0/H)
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Galaxies are not HIl regions

Emission-line in galaxies from:
1. Many HIl regions with different ages, metallicites, U, dust, luminosity, geometry, ...
2. Diffused ionized gas (DIG)

Sanders+18
_' ! LTI U] UL RLLUTLTUT] [FUTUTUTU '__ """ | I 1 LILISUSLE RLESUSSLI |

sl T % DIG +
L 1 - 1
— - T - T
= | I ® I
T 00 -+ Q. —+
= - 1
Galaxies t librat : | | e t
alaxies to calibrate s | | ) !
galaxies Z sl T T
0 I I
b 1 1

PP I P I I I I PP | [P PR P [ I

-2.5 —-2.0 —-1.5 —-1.0 —0.5 0.0 —-1.5 —-1.0 —-0.5 0.0 -0.5 0.0 0.5 1.0

log([N 11]A6584/Ha) log([S 11]AN6716,6731/Ha) log([O 11]AN3726,3729/H3)
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Te-based empirical calibration for galaxies

1.0 _ 3 - | !
8.2 8.4 8.6 8.8 9.0 9.2
12 + log(O/H) 11 |21 30 |26 0
Q 15 61 212 130 1
168 541 298
I 05 w1 11 agp 05 00 05 10
E 442 1704 1230 177
o 396 2133 2463 530
(@) 470 2719 3538 839 123
L0 957 125
~< oo 832
— 567
E 241
253
9 107 619 3634
-0.5 264 1614
(@)} 681 | 2846 3261 716
(@) L 224 1148 1819 619
- R == \[a10lin0+08 253 573 267 , ,
o o © @ Andrews+13 Curti+17, Curti+19
—0.2 0.0 0.2 0.4 0.6 0.8 1.0 -02 0.0 0.2 0.4 0.6 0.8 1.0
log [Oll] A3727/ Hj3 log [Oll] A3727/ Hj3

Detect Te auroral lines by stacking SDSS spectra
-same [Oll]/HB and [Olll}/HB line ratios

e strong-line method can be used
¢ [Ol}/HB and [Oll}/HB « main ionization states of O

e [OIll}/[Oll] sensitive to ionization parameter

* not assuming any particular combination (e.g. R23)

* no assumptions on [N/Q] | | | Liang+07, Brown+16
F. Mannhucci® -  Workshop per un Laboratorio INAF di Spettroscopia - Roma - 10/6/2019



[ |
Resulting spectra
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!
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o Curti+17
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F. IVIannuccl -  VOrkshop per un Laporatorio INAF dl Spettroscopla - Koma - 1U/6/2U1Y




Metallicity calibration

Number of galaxies per bin

* individual galaxies with [5) stacked spectra in bins
[Ol11] A4363 detection at > 100 of [Ol)/HB vs [OI)/HB 2000 2000 3000 4000 5000 6000
1.00 — 0.800 ——
: [0 11 A3727,3729/HB 1.01 . .
R oad® Single galaxies
0.45 0.475 0.84
&£ < 3 —
o -0.10 o 0150 z‘ 0.6 StaC kS
° 12 o
—o06s. 1O11A5007/HB. -0.175 04
0.2
-1.20 0500
1.20 -0.1 3.001 -
g‘- -
. . Diagnostic RMS o
0.55 -0.7 2.05
S = 2 R, 0.11 0.10
-0. -13 110
> g 2 5 Rs 0.09  0.07
-0751 | {OWIAS007 -19 0.154 |[OIA5007 030, 0.15 0.14
[OWTA3727, 25 Wi A65847Fa Ry3 0.06 0.12
-1.40 25 0801 N> 0.16 0.10
2.5001 O3N» 0.21  0.09
-0.200 —— 1.00 = # -
15 1] 26717,6731/Ha . S 0.11 0.06
-0.625 0.55 1675 RS3» 0.07 0.08
& m'.:‘. ".’: 035, 0.17 0.11
o -1.050 < 510 O 08501
o o o
o o L)
-1.475 -0.35 0.025 1
[SHA6717,31 +|0-um7
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-1.900 -0.80 —0.800 1 1
75 8.0 85 9.0 75 8.0 85 9.0 7.5 8.0 85 9.0 C u rt I+ 1 9 (Su b m )
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Applying strong-line calibrations

- exXpy 2
(R;)bs _ R; P)..

Mannucci+23

1. Classic: all single line ratios x*= ) —5—-:
i (r()bs -+ U'R
2. Multiple line fit (theoretical):
*  pyqgz (Dopita+13)
HII-CHI-MISTRY (Pérez-Montero 14)
|ZI (Blanc+15)
BEAGLE (Chavalier & Charlot 16)

3. Closest match (empirical)
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8.8 1

®
o

12 + log(O/H)
@
F=Y

®
N

8.0

Mass-metallicity relation

- This work -
9.0 Theoretical
8.8 Empirical (Te)
T 8.6/
~
&)
384
+
S 8.2 * Mannucci +10
—— Tremonti +04
* 3 Kewley & Dopita +02
8.0 » —— Zahid +14
® —— Pettini & Pagel +04 (O3N2)
” —— Andrews & Martini +13
-0.5 0.0 0.5 7.81 #® BSG - Davies +17
A log(O/H) % RSG - Davies +17
8:0 8:5 9:0 9:5 10'.0 16_5 11'_0 1]:.5 7.5 8:0 8:5 9:0 9:5 1(5.0 16.5 li.O 1i.5
log M. [Mo] log M. [Me]
Curti+19
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9.2

12+log(0/H)
o
®

©
o

8.4

Fundamental Metallicity relation (FMR)

Mannucci+10 Curti+19
T I T T T T I T T T T I T T T T I T T T T I T T T T I
] 8.81
| | __ 1.95
8.61 180
/ 7] — 1.50
/ - - 139
log(SFR)=-1.45 (o) 1.05
/ / 1.3 T = 090 ~—
/ ~1.15 | o84 06d &
/ -1 N 045 3
A, / , -0.85 A + 030 =
-0.7 ~ 015 o
-0.55 ] — 000, &
= = -0.4 | )| -0
Metallicity ~ —o:s 82 "5
decreases with 1005 | -0.75
=+0. 'y
SFR at constant-o03s | 1%
+0.5 8.01 -1.35
mass +0.65 7133
+0.8 | i i i i i
1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 8‘0 8.5 9.0 9.5 10.0 10.5 11.0 11.5
9 95 10 105 11 115 log M. [Mo]

log(M.)

(Semi)theoretical calibration emprical (Te-CEL) calibration
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—volution of ionization properties

Strom+17

10

e
»
——

log(.[OIII])\SOOS/HB)

[O)/HB, [NI)/He:
[OH)/HB, [NI)/He lim.

R o ' ~— "] e Higher densities?
{p e S «} | e Harder ionizing continuum?
: ] e Higher ionization parameter?
e Different IMF?
SO Higher sSFR?
e = T# |« Higher N/O?
%' 1 e Matter-bounded Hll regions?
1 * Low luminosity AGN?
Shocks?

o AGN [0/, [SHY/Ha lim, 8
- o % e oy 2 | Limited effect on metallicity?
1or 90% SDSS contour I 90% SDSS contour il (JoneS+1 5, PatriCiO+1 8)
L e
log([IN1I|A\6585/H ) log([SII]/Ha)

Shapley+05,15; Erb+06,10; Kriek+07; Liu+08; Hainline+09; Finkelstein+10; Yabe+12,14,15; Cullen+14; Newman+14;
Masters+14; Hayashi+15; Salim+15; Sanders+16; Steidel+16; Trainor +16; Strom+17a,b; Kashino+17
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Metallicity maps at high redshifts: KMOS

Belfiore+17
S0 Local universe:
g e HIl, PN, young and old stars .....
\J\w . » well-defined radial gradients
S S
8%0 0.5 1.0 Rl[.;] 2.0 25 3.0
Curti+19
104 |HST (F160W) 101 |Norm. Ha flux 101 12 + log(O/H) @ 8.7
o o .. H-HH High redshift (z>1):
T T limitations due to spatial resolution and SNR
-10 kgc 10 -10 kgc 10 -10 k(’;c _-10 0 ZR [kpc] 4 ] ] . . .
*s{ erweon 15 s 15 regtom 1 e Patchy distribution of metallicity
; ; ; e Flat radial gradients due to azimuthal
c c c. H_x,—pH averaging
- - heme ] | e A few have positive "gradients"
Cresci+10, Yuan+11, Queyrel+12F§W€i‘ntr)]%réléi+12; Jo\r/‘%sff(gr?oa%’erSJRHEJéE)gFa;I’E%OrPoC%R?1d‘i1’S\éveu&/}gérgc?piIée?tﬁg%]gwalHtﬁ/%%W%nng17’ Perna+18; Forster Schreiber+18
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Metallicity maps at high redshifts
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Log(SFR)

Target galaxies: e wide variety of input quantities (Mass, SFR, Environment, size,
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Spectroscopic requirements

e well known properties
o well defined selection function
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Spectroscopic requirements

Observations:

. ESO/VLT
e large wavelength range (many lines)

e high SNR on fainter strong lines MOONS
(Te and RL out of reach for single
objects, Te possible for stacks)

e integral-field spectroscopy
e large numbers of targets

NASA/ESA/CSA
JWST
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Conclusions

Two basic methods (Te-CEL and RL) differ by 0.2-0.3dex (~ a factor 2)

Stellar metallicities show a better agreement with Te (at sub-solar metallicities)
Empirical (Te-CEL) calibrations based on galaxies are available

Strong-line methods have uncertainties but have no alternatives

Incoming large spectroscopic surveys will be game-changing
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