
A
b
u
n
d
a
n
ce

sca
lin

g
in

sta
rs,

n
eb

u
la
e
a
n
d
g
a
la
x
ies

D
avid

C
.
N
ich

olls
1,
R
alp

h
S
.
S
u
th
erlan

d
1,
M
ich

ael
A
.
D
op

ita
1,
L
isa

J.
K
ew

ley
1,
&

B
rent

A
.

G
roves

1,

d
a
v
i
d
.
n
i
c
h
o
l
l
s
@
a
n
u
.
e
d
u
.
a
u

A
b
stra

ct

W
e
p
resent

a
n
ew

b
asis

for
scalin

g
ab

u
n
d
an

ces
w
ith

total
m
etallicity

in
n
eb
-

u
lar

p
h
otoion

isation
m
od

els,
b
ased

on
exten

sive
M
ilky

W
ay

stellar
ab

u
n
d
an

ce

d
ata,

to
rep

lace
th
e
u
n
iform

scalin
g
n
orm

ally
u
sed

in
th
e
an

alysis
of

H
ii
region

s.

O
u
r
goal

is
to

p
rovid

e
a
sin

gle
scalin

g
m
eth

od
an

d
local

ab
u
n
d
an

ce
referen

ce

stan
d
ard

for
u
se

in
n
eb
u
lar

m
od

ellin
g
an

d
its

key
in
p
u
ts,

th
e
stellar

atm
osp

h
ere

an
d
evolu

tion
ary

track
m
od

els.
W
e
introd

u
ce

a
p
aram

etric
en
rich

m
ent

factor,
⇣,

to
d
escrib

e
h
ow

atom
ic

ab
u
n
d
an

ces
scale

w
ith

total
ab

u
n
d
an

ce,
an

d
w
h
ich

al-

low
s
for

a
sim

p
le

conversion
b
etw

een
scales

b
ased

on
d
i↵
erent

referen
ce

elem
ents

(u
su
ally

oxygen
or

iron
)
.
T
h
e
m
od

els
an

d
p
aram

etric
d
escrip

tion
p
rovid

e
a
m
ore

p
hysically

realistic
ap

p
roach

th
an

sim
p
le

u
n
iform

ab
u
n
d
an

ce
scalin

g.
W

ith
ap

-

p
rop

riate
p
aram

eters,
th
e
m
eth

od
s
d
escrib

ed
h
ere

m
ay

b
e
ap

p
lied

to
H
ii
region

s

in
th
e
M
ilky

W
ay,

large
an

d
d
w
arf

galaxies
in

th
e
local

u
n
iverse,

A
ctive

G
alactic

N
u
clei

(A
G
N
s),

an
d
to

star
form

in
g
region

s
at

h
igh

red
sh
ift.

S
u
bject

headin
gs:

IS
M
:
ab

u
n
d
an

ces
–
stars:

ab
u
n
d
an

ces
–
S
u
n
:
ab

u
n
d
an

ces
–
galaxies:

ab
u
n
-

d
an

ces

A
ccep

ted
by

M
N
R
A
S
11

D
ec

2016

1
.

In
tro

d
u
ctio

n

P
h
otoion

isation
m
od

ellin
g
p
rovid

es
a
p
ow

erfu
l
tool

for
u
n
d
erstan

d
in
g
th
e
p
hysics

of
H
ii

region
s
an

d
oth

er
ion

ised
n
eb

u
lae.

Its
aim

is
to

solve
th
e
rad

iative
tran

sfer
equ

ation
s
an

d
associated

p
hysics

as
th
e

ion
isin

g
rad

iation
from

th
e
central

star
clu

ster
traverses

th
e
gas.

T
h
e
goal

is
to

p
red

ict
th
e
em

ission
sp
ectra

arisin
g
from

th
e
ion

ised
n
eb
u
la,

as
a
b
asis

for
interp

retin
g
ob

servation
s,
allow

in
g
u
s
to

d
eterm

in
e
th
e
p
hysical

con
d
ition

s
an

d
ch
em

ical
ab

u
n
d
an

ces
in

th
e
n
eb

u
la.

1R
esearch

S
ch
ool

of
A
stron

om
y
an

d
A
strop

hysics,
A
u
stralian

N
ation

al
U
n
iversity,

C
anb

erra,
A
C
T
,
A
u
s-

tralia
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T
h
ere

are
a
nu

m
b
er

of
p
rob

lem
s
in

d
evelop

in
g
reliab

le
p
h
otoion

isation
m
od

els.
F
irst,

a
fu
ll
kn

ow
led

ge
of

th
e
atom

ic
d
ata

for
elem

ents
involved

in
th
e
p
rocesses

is
critical.

T
h
is
h
as

im
p
roved

a
great

d
eal

in
recent

years
th
rou

gh
resou

rces
su
ch

as
th
e
C
H
IA

N
T
I
D
atab

ase
(D

ere
et

al.
1997;

L
an

d
i
et

al.
2013),

b
u
t
th
ere

are
still

gap
s
in

ou
r
kn

ow
led

ge.
H
ow

ever,
th
e
situ

ation
is
likely

to
im

p
rove

w
ith

tim
e,

an
d
ou

r
cu

rrent
kn

ow
led

ge
is

su
�
cient

to
con

stru
ct

p
hysically

realistic
p
h
otoion

isation
m
od

els
of

n
eb

u
lae.

S
econ

d
,
ou

r
ab

ility
to

synth
esise

accu
rately

th
e
sp
ectru

m
of

th
e
sou

rce
of

th
e
ion

isin
g
rad

iation
is

far
from

com
p
lete.

In
H
ii

region
s,

th
is

involves
th
e
estim

ation
of

th
e
em

ission
sp
ectru

m
of

th
e
stars

at
th
e

h
eart

of
th
e
region

.
T
h
is

d
ep

en
d
s
on

th
ree

factors:
reliab

le
m
od

els
of

stellar
atm

osp
h
eres

ran
gin

g
from

h
ot

O
-stars

to
cool

d
w
arfs;

th
e
evolu

tion
ary

tracks
of

th
e
stars

as
th
ey

age,
for

th
e
lifetim

e
of

th
e
ion

ised
region

,
typ

ically
10

to
20

M
yr;

an
d
e↵

ective
synth

esis
of

th
e
total

sp
ectru

m
from

en
sem

b
les

of
stellar

p
op

u
lation

s.

W
orse,

som
e
of

th
e
com

m
on

ly
u
sed

stellar
atm

osp
h
ere

m
od

el
sets

cover
on

ly
sp
arsely

(if
at

all)
th
e

h
otter

stars
th
at

d
om

in
ate

th
e
excitation

of
H
ii

region
s.

T
h
e
stellar

evolu
tion

ary
tracks

gen
erally

are
n
ot

w
ell

m
atch

ed
to

th
e
m
od

elled
m
ain

sequ
en
ce

stars,
an

d
u
se

d
i↵
erent

m
etallicity

stan
d
ard

s,
in

p
art

b
ecau

se
th
ese

stan
d
ard

s
h
ave

b
een

b
ased

on
solar

ab
u
n
d
an

ce
referen

ces
th
at

h
ave

ch
an

ged
w
ith

tim
e.

P
op

u
lation

synth
esis

m
od

els
com

b
in
e
th
e
stellar

m
od

els
an

d
evolu

tion
ary

tracks,
b
u
t
can

n
ot

gen
erate

p
hysically

realistic
resu

lts
w
ith

ou
t
con

sistent
in
p
u
t
d
ata.

If
w
e
h
op

e
to

b
u
ild

p
hysically

realistic
p
h
otoion

isa-
tion

m
od

els,
w
e
n
eed

a
sin

gle
m
etallicity

stan
d
ard

for
fu
tu
re

w
ork

on
stellar

atm
osp

h
ere

m
od

els,
evolu

tion
ary

track
m
od

els
an

d
n
eb
u
lar

m
od

els,
to

p
u
t
th
em

on
th
e
sam

e
footin

g.
T
h
e
lack

of
a
con

sistent
ab

u
n
d
an

ce
scale

introd
u
ces

errors
into

n
eb
u
lar

p
h
otoion

isation
m
od

els
an

d
m
akes

th
e
w
orks

of
d
i↵
erent

au
th
ors

d
i�

cu
lt

to
com

p
are.

T
h
ird

,
ab

u
n
d
an

ce
scalin

g
of

elem
ents

at
m
etallicities

low
er

th
an

th
e
referen

ce
stan

d
ard

h
as

b
een

w
ell

exp
lored

in
stars,

b
u
t
in

th
e
n
eb
u
lar

m
od

ellin
g
com

m
u
n
ity

on
ly

th
e
sim

p
lest

u
n
iform

scalin
g
assu

m
p
tion

s,
or

arb
itrary

ad
ju
stm

ents
to

th
ese,

ap
p
ear

to
h
ave

b
een

u
sed

.
S
tellar

astron
om

ers
h
ave

kn
ow

n
for

a
lon

g
tim

e,
for

exam
p
le,

th
at

iron
ab

u
n
d
an

ces
relative

to
↵
-elem

ent
ab

u
n
d
an

ces
h
ave

ch
an

ged
b
oth

over
tim

e
an

d
w
ith

th
e
galactic

environ
m
ent

sin
ce

th
e
form

ation
of

th
e
earliest

stars
(e.g.,

W
yse

&
G
ilm

ore
1993).

C
on

sequ
ently,

p
h
otoion

isation
m
od

els
for

n
eb

u
lae

w
ith

d
i↵
erent

m
etallicities

n
eed

to
take

th
is

variation
into

accou
nt,

an
d

in
gen

eral
th
is

h
as

n
ot

b
een

d
on

e.

F
ou

rth
,
th
e
extent

of
elem

ent
d
ep

letion
into

d
u
st

in
H
ii
region

s
an

d
in

d
i↵
erent

galactic
environ

m
ents

is
p
oorly

kn
ow

n
.
It

is
p
ossib

le
to

m
easu

re
d
u
st

com
p
osition

in
th
e
interstellar

m
ed
iu
m

th
rou

gh
ab

sorp
tion

of
starlight,

b
u
t
th
is
d
oes

n
ot

tell
u
s
m
u
ch

ab
ou

t
th
e
n
atu

re
of

th
e
d
u
st

in
th
e
giant

m
olecu

lar
clou

d
s
from

w
h
ich

H
ii

region
s
form

,
n
or

h
ow

th
e
d
u
st

is
d
estroyed

by
th
e
ion

isin
g
rad

iation
in

n
eb
u
lae.

D
u
st

d
ep

letion
can

b
e
m
easu

red
,
for

exam
p
le

for
refractory

elem
ents,

by
com

p
arin

g
n
eb

u
lar

ab
u
n
d
an

ces
w
ith

th
e
p
h
otosp

h
ere

ab
u
n
d
an

ces
of

th
e
central

stars
(w

h
ere

availab
le).

A
th
ird

ap
p
roach

,
u
sin

g
p
h
otoion

isation
m
od

els,
allow

s
u
s

to
estim

ate
d
u
st

d
ep
letion

th
rou

gh
com

p
arison

of
m
od

els
an

d
ob

servation
s.

T
h
is
p
ap

er
ad

d
resses

th
e
secon

d
an

d
th
ird

of
th
ese

p
rob

lem
s,

an
d
ou

tlin
es

h
ow

w
e
p
rop

ose
to

tackle
th
e
fou

rth
.

W
e
ad

op
t
a
stan

d
ard

,
p
resent-d

ay
scale,

exten
d
ed

from
th
e
cosm

ic
abu

n
dan

ce
stan

dard
d
evelop

ed
by

N
ieva

&
P
rzyb

illa
(2012),

b
ased

on
th
e
ob

served
m
etallicities

of
29

m
ain

-sequ
en

ce
B
-stars

in
local

galactic
region

,
au

gm
ented

w
ith

d
ata

from
oth

er
recent

sou
rces

for
elem

ents
w
h
ich

are
of

m
in
or

im
p
ortan

ce
in

n
eb
u
lar

an
d
stellar

m
od

ellin
g.

T
h
is

is
a
local,

p
resent-d

ay
scale,

rath
er

th
an

th
e
convention

al
solar

scale(s),
w
h
ere

th
e
ab

u
n
d
an

ce
valu

es
in
clu

d
e
m
in
or

evolu
tion

ary
e↵

ects
overlaid

on
a
scale

d
erivin

g
from

th
e
p
roto-solar

n
eb
u
la

from
5
G
yr

ago,
an

d
u
n
certainties

w
ith

th
e
origin

of
th
e
p
roto-solar

n
eb

u
la.

T
o
avoid

con
fu
sion

w
ith

th
e
U
n
iverse

at
large,

w
e
refer

to
th
e
exten

d
ed

scale,
together

w
ith

the
associated

scalin
g
behaviou

r,
as

th
e
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“G
alactic

C
on

cord
an

ce”.
W
e
su
ggest

th
at

th
is
referen

ce
stan

d
ard

an
d
scalin

g
system

b
e
u
sed

for
con

sisten
cy

in
stellar

atm
osp

h
ere

m
od

ellin
g,

stellar
evolu

tion
ary

tracks
an

d
n
eb
u
lar

m
od

els.

W
e
exam

in
e
stellar

m
etallicity

d
ata

assem
b
led

over
th
e
p
ast

tw
o
d
ecad

es,
from

M
ilky

W
ay

ob
servation

s
an

d
n
earby

d
w
arf

galaxies,
to

d
erive

a
m
od

el
for

th
e
w
ay

in
d
ivid

u
al

elem
ent

ab
u
n
d
an

ces
scale

w
ith

total
n
eb
u
lar

m
etallicity.

W
e
su
ggest

th
is

sh
ou

ld
rep

lace
th
e
sim

p
le

lin
ear

scalin
g
u
sed

in
m
od

els
to

d
ate.

U
sin

g
p
iece-w

ise
lin

ear
fi
ts

to
th
e
stellar

ab
u
n
d
an

ce
d
ata,

w
e
sh
ow

th
at

ab
u
n
d
an

ces
exp

ressed
in

th
e
iron

-b
ased

stellar
m
etallicity

scale
can

b
e
read

ily
converted

to
th
e
oxygen

-b
ased

n
eb

u
lar

m
etallicity

scale,
an

d
vice-versa.

W
e
u
se

th
e
stellar

d
ata

availab
le

to
d
erive

gen
eral

ru
les

for
th
e
n
eb

u
lar

scalin
g
of

th
e
im

p
ortant

n
eb
u
lar

elem
ents

as
a
fu
n
ction

of
total

n
eb
u
lar

oxygen
m
etallicity.

F
in
ally

w
e
su
ggest

ap
p
roach

es
to

estim
ate

n
eb

u
lar

d
u
st

d
ep

letion
,
in
clu

d
in
g
com

p
arison

of
n
eb

u
lar

p
h
o-

toion
isation

m
od

els
w
ith

th
e
ob

served
em

ission
lin

e
d
ata

from
sim

p
ly-stru

ctu
red

(an
d
thu

s
reliab

ly
m
od

elled
)

H
ii
region

s.

2
.

T
h
e
n
eed

fo
r
a
co

n
sisten

t
sta

n
d
a
rd

a
b
u
n
d
a
n
ce

set
a
n
d
a
rea

listic
sca

lin
g

m
o
d
el

2
.1
.

T
h
e
p
ro

b
lem

o
f
in
co

n
sisten

cy

F
u
ll

rad
iative

tran
sfer

n
eb
u
lar

m
od

ellin
g
requ

ires
in
p
u
ts

from
a
nu

m
b
er

of
sou

rces.
A
m
on

g
th
ese,

an
accu

rate
estim

ate
of

th
e
central

star
clu

ster
excitation

sp
ectru

m
is

critical
to

to
p
rod

u
ction

of
realistic

n
eb
u
lar

m
od

els.
T
h
is

requ
ires

d
etailed

stellar
atm

osp
h
ere

an
d

stellar
evolu

tion
ary

track
m
od

els.
T
h
ese

are
convolved

th
rou

gh
a
sp
ectru

m
synth

esis
ap

p
lication

w
h
ich

takes
th
e
raw

stellar
sp
ectra

an
d
tracks,

an
d

b
u
ild

s
a
com

p
osite

sp
ectru

m
b
ased

on
estim

ates
of

th
e
ion

isin
g
clu

ster
in
itial

m
ass

fu
n
ction

an
d
th
e
clu

ster
evolu

tion
w
ith

tim
e.

T
o
gen

erate
a
realistic

clu
ster

sp
ectru

m
,
grid

s
of

stellar
m
od

els
are

n
eed

ed
,
an

d
th
e
sp
ectral

p
ath

s
taken

by
th
e
stars

as
th
ey

evolve.
T
h
ere

is
a
d
earth

of
su
ch

m
od

els.
A

m
a
jor

con
cern

is
th
at

w
h
at

m
od

els
th
ere

are
are

b
ased

on
ab

u
n
d
an

ce
stan

d
ard

s
from

d
i↵
erent

eras.
F
or

exam
p
le,

th
e
W

M
B
asic

atm
osp

h
ere

m
od

els
(P

au
ld
rach

et
al.

2012,
an

d
earlier

p
ap

ers)
are

b
ased

on
th
e
A
n
d
ers

&
G
revesse

(1989)
solar

p
h
otosp

h
eric

stan
d
ard

ab
u
n
d
an

ces
w
h
ereas

th
e
G
en
eva

evolu
tion

ary
track

m
od

els
(E

kström
et

al.
2012,

an
d
oth

er
p
ap

ers
in

th
is

sequ
en
ce)

are
b
ased

on
solar

p
h
otosp

h
eric

ab
u
n
d
an

ces
from

A
sp
lu
n
d

et
al.

(2005).
T
h
e
oxygen

ab
u
n
d
an

ce
d
i↵
ers

b
etw

een
th
ese

sou
rces

by
0.27

d
ex

an
d
th
e
iron

ab
u
n
d
an

ce
by

0.22
d
ex.

S
u
ch

d
i↵
eren

ces
cast

d
ou

b
t
on

th
e
reliab

ility
of

com
b
in
in
g
th
e
track

an
d
atm

osp
h
ere

d
ata

as
in
p
u
ts

to
p
op

u
lation

synth
esis

ap
p
lication

s.

In
ord

er
to

gen
erate

p
lau

sib
le

n
eb

u
lar

m
od

els,
it

is
im

p
ortant

th
at

th
e
stellar

atm
osp

h
eres

an
d
evo-

lu
tion

ary
tracks

b
e
com

p
u
ted

u
sin

g
a
com

m
on

ab
u
n
d
an

ce
stan

d
ard

.
In

ad
d
ition

,
th
e
m
an

n
er

in
w
h
ich

th
e
ab

u
n
d
an

ces
scale

relative
to

each
oth

er
is

critical
for

m
od

ellin
g
atm

osp
h
eres,

tracks
an

d
n
eb

u
lae

at
m
etallicities

less
th
an

th
e
referen

ce
stan

d
ard

(e.g.,
“solar”).
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2
.2
.

T
h
e
e↵

ects
o
f
a
b
u
n
d
a
n
ce

sca
lin

g
o
n
lin

e
d
ia
g
n
o
stics

W
e
u
se

th
e
M
a
p
p
in
g
s
p
h
otoion

isation
m
od

ellin
g
cod

e
(D

op
ita

et
al.

2013)
to

gen
erate

n
eb
u
lar

stron
g

lin
e
ratio

grid
s
for

th
e
ion

isation
p
aram

eter
log(Q

)
1
vs.

oxygen
m
etallicity,

th
e
in
ad

equ
acy

of
sim

p
le

u
n
iform

ab
u
n
d
an

ce
scalin

g
(i.e.,

th
e
sam

e
ratio

for
allelem

ents)
is
ap

p
arent.

U
n
iform

scalin
g
is
in
cap

ab
le
of

exp
lain

in
g

th
e
ob

servation
s.

C
onversely

th
e
sim

p
le

n
on

-u
n
iform

scalin
g
m
od

el
w
e
d
escrib

e
b
elow

d
oes

a
very

good
job

of
m
atch

in
g
ob

servation
al

d
ata.

F
igu

re
1
d
em

on
strates

th
is.

W
h
ile

th
e
geom

etry
ad

op
ted

for
an

H
ii

region
m
od

el
p
lays

a
key

role
in

th
e
p
red

icted
em

ission
lin

e
ou

tp
u
ts,

w
e
fi
n
d
th
at

a
p
lan

e
p
arallel

geom
etry

p
rovid

es
a
com

p
u
tation

ally
tractab

le
resu

lt
th
at

m
atch

es
ob

servation
s
w
ell.

In
th
is
exam

p
le,

w
e
assu

m
e
con

stant
p
ressu

re
con

d
ition

s
w
ith

log(P
/k)

=
6.0,

w
h
ere

P
is

th
e
p
ressu

re
an

d
k
is
th
e
B
oltzm

an
n
con

stant.
W
e
ad

op
t
th
e
W

M
B
asic

stellar
atm

osp
h
ere

m
od

els
(S
ternb

erg
et

al.
2003),

th
e
G
en
eva

evolu
tion

ary
tracks

for
rotatin

g
stars

(E
kström

et
al.

2012),
an

d
u
se

S
tarb

u
rst99

w
ith

a
S
alp

eter
IM

F
(L

eith
erer

et
al.

2014)
an

d
continu

ou
s
stellar

evolu
tion

sam
p
led

at
5
M
yr.

F
or

atom
ic

ab
u
n
d
an

ces
w
e
u
se

th
e
G
alactic

C
on

cord
an

ce
scale,

d
escrib

ed
in

d
etail

b
elow

.

F
igu

re
1
(left

p
an

el)
sh
ow

s
th
e
stron

g
lin

e
ratios

log[O
iii]5

0
0
7 /H

↵
p
lotted

vs.
log([N

ii]6
5
8
4 /[O

ii]3
7
2
6
+
3
7
2
9 ),

u
sin

g
th
e
n
on

-u
n
iform

scalin
g
d
escrib

ed
b
elow

an
d
stan

d
ard

G
C

ab
u
n
d
an

ces
(red

),
an

d
th
e
sam

e
m
etallicity

stan
d
ard

b
u
t
w
ith

u
n
iform

scalin
g
(b
lack).

T
h
e
grey

p
oints

are
d
ata

from
th
e
S
loan

S
u
rvey

D
ata

R
elease

7
(A

b
aza

jian
et

al.
2009).

T
h
ey

sh
ow

th
at

u
n
iform

scalin
g
is

n
ot

cap
ab

le
of

rep
rod

u
cin

g
th
e
ob

served
d
ata,

w
h
ile

n
on

-u
n
iform

scalin
g
fi
ts

th
e
ob

servation
s
w
ell.

(T
h
e
vertical

sp
ray

of
S
D
S
S
p
oints

arises
from

active
galactic

nu
clei,

n
ot

m
od

elled
h
ere).

O
th
er

stron
g
lin

e
ratios

also
sh
ow

d
iscrep

an
cies

b
etw

een
m
od

els
an

d
ob

servation
s
w
h
en

u
n
iform

scalin
g
is

u
sed

..

T
h
e
ch
oice

of
a
“stan

d
ard

”
ab

u
n
d
an

ce
referen

ce
d
oes

n
ot

p
lay

a
m
a
jor

role
in

exp
lain

in
g
th
e
ob

serva-
tion

al
d
ata.

F
igu

re
1
(right

p
an

el)
sh
ow

s
th
e
sam

e
grid

s
u
sin

g
th
ree

“stan
d
ard

”
ab

u
n
d
an

ce
sets

w
ith

u
n
iform

scalin
g.

N
on

e
of

th
em

can
exp

lain
th
e
ob

servation
al

d
ata.

2.2.1.
D
i↵
eren

ces
arisin

g
from

di↵
eren

t
abun

dan
ce

stan
dards

It
is

u
sefu

l
to

exp
lore

w
h
at

d
i↵
eren

ces
occu

r
in

m
etallicity

an
d
ion

isation
p
aram

eter,
log(Q

),
u
sin

g
d
i↵
erent

ab
u
n
d
an

ce
referen

ces.
T
h
e
grid

s
in

F
igu

re
1
(right

p
an

el)
p
rovid

e
a
gu

id
e
to

th
ese

d
i↵
eren

ces.
F
or

u
n
iform

ab
u
n
d
an

ce
scalin

g,
w
e
can

estim
ate

th
e
e↵

ects
of

u
sin

g
d
i↵
erent

ab
u
n
d
an

ce
referen

ce
sets

(b
lack,

G
alactic

C
on

cord
an

ce
(th

is
w
ork);

green
A
n
d
ers

&
G
revesse

(1989)
an

d
b
lu
e
A
sp
lu
n
d
et

al.
(2009).

T
h
e

m
etallicity

d
i↵
eren

ces
for

th
is

com
b
in
ation

of
lin

e
ratios

vary
b
etw

een
0
an

d
0.15

at
low

m
etallicity

an
d

b
etw

een
0
an

d
1.4

for
m
etallicities

>
2.5.

Ion
isation

p
aram

eter
d
i↵
eren

ces
are

gen
erally

log(Q
)
<

0.15.

F
igu

re
1
sh
ow

s
th
at

th
e
ch
oice

of
ab

u
n
d
an

ce
referen

ce
is

less
im

p
ortant

to
m
od

el
ou

tp
u
ts

th
an

th
e

m
an

n
er

in
w
h
ich

th
e
scalin

g
is

calcu
lated

.
H
ow

ever,
w
h
atever

stan
d
ard

is
u
sed

,
it

is
vital

th
at

all
in
p
u
ts

to
n
eb

u
lar

m
od

els
(stellar

atm
osp

h
eres

an
d

evolu
tion

ary
tracks,

an
d

n
eb

u
lar

p
aram

eters)
u
se

th
e
sam

e

1T
h
e
ion

isation
p
aram

eter,
Q
,
is

th
e
velocity

of
th
e
ion

isation
front

th
at

th
e
rad

iation
fi
eld

can
d
rive

th
rou

gh
th
rou

gh
m
ed
iu
m
.
It

is
th
e
ion

isin
g
p
h
oton

fl
u
x
in

p
h
oton

s
cm

�
2
s �

1
d
ivid

ed
by

th
e
n
eu

tral
hyd

rogen
nu

m
b
er

d
en

sity
in

cm
�
3,

an
d
an

in
d
icator

of
th
e
p
hysical

con
d
ition

s
at

th
e
in
n
er

ed
ge

of
th
e
p
h
otoion

ised
zon

e
in

an
H
ii
region

.
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-1.0

0.0
-3.0

-2.0

-1.0

0.0

1.0

log([NII]6584 /[O
II]+)

log([OIII]5007/Hβ)

log(Q
)=6.5

6.75

7.0

7.25

7.5

8.5

G
C non-uniform

G
C uniform

SDSS

Z=0.05 0.2
0.5

1.0

3.0

-2.0
-1.0

0.0

G
C

 non-uniform
G

C
 uniform

AG
SS09 uniform

AG
89 uniform

F
ig.

1.—
A
n

illu
stration

of
th
e

im
p
ortan

ce
of

n
on

-u
n
iform

scalin
g

in
n
eb
u
lar

m
od

-

ellin
g.

T
h
e
left

p
an

el
sh
ow

s
grid

p
lots

for
th
e
stron

g
lin

e
ratios

log[O
iii]5

0
0
7 /H

↵
vs.

log([N
ii]6

5
8
4 /[O

ii]3
7
2
6
+
3
7
2
9 ),

sh
ow

in
g

th
e
ion

isation
p
aram

eter
log(Q

)
(left

to
right)

vs.

m
etallicity

Z
relative

th
e
th
e
stan

d
ard

valu
e
(n
ear

vertical
lin

es),
u
sin

g
th
e
n
on

-u
n
iform

scalin
g
an

d
stan

d
ard

ab
u
n
d
an

ces
p
rop

osed
in

th
is

p
ap

er
(red

),
an

d
th
e
sam

e
m
etallicity

stan
d
ard

an
d
scaled

valu
es

b
u
t
w
ith

u
n
iform

scalin
g
(b
lack).

T
h
e
grey

p
oints

are
d
ata

for

ob
jects

w
h
ere

O
iii

4363Å
is

d
etected

,
from

th
e
S
loan

S
u
rvey

D
ata

R
elease

7
(A

b
aza

jian

et
al.

2009).
T
h
ey

sh
ow

clearly
th
at

u
n
iform

scalin
g
is

n
ot

cap
ab

le
of

rep
rod

u
cin

g
th
e
ob

-

served
d
ata,

w
h
ile

n
on

-u
n
iform

scalin
g
fi
ts

th
e
ob

servation
s
w
ell.

(T
h
e
verticalsp

ray
of

S
D
S
S

p
oints

arises
from

active
galactic

nu
clei,

n
ot

m
od

elled
h
ere).

T
h
e
right

p
an

el
sh
ow

s
th
e
sam

e

grid
s,

b
u
t
w
ith

u
n
iform

scalin
g
u
sin

g
th
ree

d
i↵
erent

m
etallicity

stan
d
ard

s
from

A
n
d
ers

&

G
revesse

(1989);
A
sp
lu
n
d
et

al.
(2009)

an
d
th
e
G
C

scale
from

th
is

w
ork,

green
,
b
lu
e
an

d

b
lack,

resp
ectively.

T
h
e
d
i↵
erent

stan
d
ard

scales
cau

se
oth

er
p
rob

lem
s
of

com
p
atib

ility
w
ith

stellar
atm

osp
h
ere

an
d
evolu

tion
ary

tracks,
b
u
t
d
o
n
ot

greatly
a↵

ect
th
e
p
h
otoion

isation

m
od

el
grid

s,
an

d
n
on

e
can

fi
t
th
e
ob

servation
s
u
sin

g
u
n
iform

scalin
g.
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ab
u
n
d
an

ce
referen

ce.

3
.

A
b
u
n
d
a
n
ce

sca
lin

g

3
.1
.

T
h
e
“
so

la
r
sta

n
d
a
rd

”

T
h
e
ch
oice

of
a
stan

d
ard

m
etallicity

scale
p
lays

an
im

p
ortant

role
in

n
eb

u
lar

stellar
atm

osp
h
ere

an
d

evolu
tion

ary
track

m
od

els.
In

th
e
p
ast

th
e
on

ly
d
etailed

referen
ce

valu
es

h
ave

b
een

th
e
solar

ab
u
n
d
an

ces.
T
h
is

h
as

ad
vantages

b
ecau

se
th
e
ab

u
n
d
an

ces
of

m
any

elem
ents

h
ave

b
een

accu
rately

m
easu

red
in

th
e
solar

p
h
otosp

h
ere.

B
u
t
it

h
as

sign
ifi
cant

sh
ortcom

in
gs:

som
e
elem

ents
(for

exam
p
le,

F
,
C
l,
N
e
an

d
A
r)

h
ave

n
ot

b
een

d
irectly

d
etected

,
or

on
ly

m
argin

ally
d
etected

,
in

th
e
solar

atm
osp

h
ere;

som
e
elem

ents
(for

exam
p
le,

H
e

an
d
L
i)
h
ave

b
een

p
rocessed

in
th
e
su
n
d
u
rin

g
its

evolu
tion

an
d
p
h
otosp

h
eric

ab
u
n
d
an

ces
d
o
n
ot

n
ecessarily

refl
ect

b
u
lk

or
p
roto-solar

valu
es;

an
d
som

e
elem

ents
th
at

are
cru

cial
for

n
eb

u
lar

p
hysics

(i.e.,
oxygen

)
are

d
i�

cu
lt

to
m
easu

re
in

th
e
solar

sp
ectru

m
(see

d
iscu

ssion
in

A
sp
lu
n
d
et

al.
2009).

A
s
a
resu

lt,
m
easu

red
solar

ab
u
n
d
an

ce
valu

es
for

som
e
elem

ents
h
ave

d
i↵
ered

con
sid

erab
ly

over
th
e
p
ast

40
years.

T
h
ey

also
gen

erate
th
ree

“stan
d
ard

”
ab

u
n
d
an

ce
sets:

p
h
otosp

h
eric,

b
u
lk

an
d
p
roto-solar

n
eb

u
lar.

T
h
e
p
u
b
lish

ed
solar

ab
u
n
d
an

ce
estim

ates
are

listed
in

A
p
p
en
d
ix

T
ab

le
3.

O
f
m
a
jor

con
cern

is
th
at

th
e
m
easu

red
solar

oxygen
ab

u
n
d
an

ce
valu

e
h
as

varied
by

a
factor

of
1.9,

iron
by

1.7,
n
itrogen

by
1.9,

an
d
carb

on
by

2.1.
F
u
rth

er,
solar

p
h
otosp

h
eric

valu
es

d
i↵
er

from
th
e
calcu

lated
b
u
lk

an
d
p
roto-solar

valu
es.

D
i↵
erent

w
orkers

h
ave

u
sed

d
i↵
erent

stan
d
ard

s
for

com
p
arison

.
In

gen
eral,

th
e
latest

solar
valu

es
h
ave

b
een

u
sed

,
b
u
t
th
is

can
lead

to
con

fu
sion

w
h
en

com
p
arin

g
d
ata

from
earlier

w
orks

b
ased

on
p
reviou

s
solar

stan
d
ard

s.

3
.2
.

R
ela

tiv
e
sca

lin
g
o
f
elem

en
ts

T
h
e
solar

stan
d
ard

referen
ce

(or
any

altern
ative

stan
d
ard

)
sh
ou

ld
,
id
eally,

sp
ecify

th
e
relative

ab
u
n
-

d
an

ces
for

local,
p
resent

d
ay

valu
es.

T
h
is

p
resents

a
fu
rth

er
p
rob

lem
for

th
e
solar

valu
es,

as
th
ey

d
erive

from
p
roto-solar

n
eb
u
la

valu
es

from
⇠
5
G
yr

ago,
w
h
ere

th
e
su
n
form

ed
.
W

h
at

is
n
ot

sp
ecifi

ed
in

th
e
solar

valu
es

is
h
ow

elem
ent

ab
u
n
d
an

ces
scale

relative
to

on
e
an

oth
er

over
tim

e,
from

th
e
early

U
n
iverse

to
th
e

p
resent

d
ay.

If
w
e
are

to
u
n
d
ertake

p
h
otoion

isation
m
od

ellin
g
at

early
ep

och
s,

or
in

system
s
w
ith

d
i↵
erent

star
form

ation
h
istories

th
an

th
e
M
ilky

W
ay,

w
e
n
eed

to
u
n
d
erstan

d
h
ow

th
e
relative

ab
u
n
d
an

ces
of

each
elem

ent
vary

w
ith

total
m
etallicity

th
rou

gh
tim

e.

In
n
eb
u
lar

m
od

ellin
g,

a
sim

p
le

scalin
g
of

total
m
etallicity

by
th
e
sam

e
m
u
ltip

licative
factor

h
as

b
een

th
e
n
orm

for
all

b
u
t
a
few

elem
ents

(su
ch

as
H
e,

C
an

d
N
).

T
h
is

w
as

an
accep

tab
le

ap
p
roxim

ation
in

th
e

ab
sen

ce
of

any
b
etter

in
form

ation
,
b
u
t
th
e
assu

m
p
tion

of
u
n
iform

scalin
g
h
as

a
sign

ifi
cant

im
p
act

on
m
od

els
of

th
e
p
hysics

of
H
ii
region

s,
ju
stifyin

g
a
carefu

l
exam

in
ation

of
w
h
at

w
e
m
ay

b
e
ab

le
to

d
eterm

in
e
ab

ou
t

th
e
actu

al
scalin

g
b
eh
aviou

r.
S
ee

section
2
ab

ove.

T
h
e
p
rob

lem
s
arise

d
u
e
to

th
e
rate

at
w
h
ich

th
e
h
eavier

elem
ents

h
ave

b
een

form
ed

in
stars

sin
ce

early
ep

och
s.

D
i↵
erent

en
rich

m
ent

p
rocesses

occu
r
for

th
e
elem

ents
th
at

are
m
ost

im
p
ortant

to
th
e
h
eatin

g/coolin
g

b
alan

ce
in

H
ii

region
s,

so
it

is
im

p
ortant

to
im

p
rove

ou
r
estim

ates
of

actu
al

scalin
g
b
eh
aviou

r,
in
sofar

as
th
is

can
b
e
d
eterm

in
ed
.

W
e
also

strike
a
d
efi

n
ition

p
rob

lem
:
stellar

ab
u
n
d
an

ces
are

m
easu

red
relative

to
iron

as
th
e
referen

ce,
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w
h
ereas

n
eb
u
lar

ab
u
n
d
an

ces
are

m
easu

red
relative

to
oxygen

.
T
h
e
ratios

of
th
ese

tw
o
referen

ce
elem

ents
h
ave

varied
con

sid
erab

ly
w
ith

tim
e:

oxygen
is
p
rin

cip
ally

p
rod

u
ced

in
core-collap

se
su
p
ern

ovae
(S
N
),w

h
ereas

iron
is

p
rin

cip
ally

p
rod

u
ced

in
d
eton

ation
S
N
.
C
ore-collap

se
S
N

b
egan

en
rich

in
g
th
e
p
rim

ord
ial

interstellar
gas

very
early

in
th
e
h
istory

of
th
e
U
n
iverse,

b
u
t
d
eton

ation
S
N

h
ave

a
d
elayed

on
set.

S
o
iron

is
relatively

scarce
early

an
d
in
creases

rap
id
ly

after
th
e
d
elayed

on
set

of
d
eton

ation
S
N
.
N
itrogen

is
m
ore

com
p
licated

still:
it

is
p
rod

u
ced

in
b
oth

typ
e
of

S
N
,
b
u
t
also

in
evolved

stars,
for

exam
p
le

on
th
e
A
G
B

b
ran

ch
an

d
in

h
ot

you
n
g
W

N
stars—

som
e
of

th
ese

p
rocesses

are
p
rom

p
t
an

d
som

e
d
elayed

,
an

d
som

e
d
ep

en
d
ent

on
total

m
etallicity

an
d
stellar

m
ass.

H
eliu

m
p
resents

fu
rth

er
p
rob

lem
s.

It
is

th
e
secon

d
m
ost

com
m
on

elem
ent

in
th
e
U
n
iverse

an
d

is
im

p
ortant

in
th
e
n
eb
u
lar

h
eatin

g
an

d
coolin

g
b
alan

ce,
esp

ecially
at

low
total

m
etallicities.

It
w
as

created
in

th
e
B
ig

B
an

g
an

d
is

b
ein

g
created

continu
ou

sly
in

stars,
th
erefore

its
ab

u
n
d
an

ce
h
as

in
creased

in
th
e

interstellar
m
ed
iu
m

(IS
M
)
from

th
e
p
rim

ord
ial

valu
e
to

th
e
p
resent

d
ay

valu
e.

W
e
h
ave

n
o
d
etailed

d
ata

on
th
e
h
istorical

rate
of

p
rod

u
ction

of
h
eliu

m
,
b
u
t
it

is
n
o
d
ou

b
t
d
eterm

in
ed

by
th
e
overall

h
istory

of
star

form
ation

,
so,

in
th
e
ab

sen
ce

of
b
etter

d
ata,

w
e
assu

m
e
a
lin

ear
b
eh
aviou

r
w
ith

oxygen
m
etallicity.

T
h
e

calcu
lation

of
h
eliu

m
ab

u
n
d
an

ce
at

d
i↵
erent

total
m
etallicities

d
ep

en
d
s
on

ou
r
estim

ate
of

th
e
p
rim

ord
ial

valu
e,

itself
p
ron

e
to

revision
.

3
.3
.

A
n
a
ltern

a
tiv

e
referen

ce
sta

n
d
a
rd

B
efore

attem
p
tin

g
to

calib
rate

th
e
w
ay

ab
u
n
d
an

ces
scale

w
ith

total
m
etallicity,

w
e
n
eed

an
ab

u
n
d
an

ce
referen

ce
stan

d
ard

set.
A
s
n
oted

ab
ove,

in
con

sisten
cies

in
stellar

atm
osp

h
ere

an
d
evolu

tion
ary

track
m
od

els
can

arise
w
h
en
ever

a
n
ew

stan
d
ard

solar
ab

u
n
d
an

ce
set

is
p
u
b
lish

ed
.
F
or

th
is

reason
w
e
ad

op
t
th
e
“C

osm
ic

A
b
u
n
d
an

ce
S
tan

d
ard

”
p
rop

osed
by

(N
ieva

&
P
rzyb

illa
2012,

h
ereafter,

N
P
12),

b
ased

on
local

B
stars

as
th
e

stan
d
ard

for
th
e
p
resent

d
ay

an
d
th
e
local

region
of

th
e
M
ilky

W
ay,

exten
d
ed

for
com

p
leten

ess
to

in
clu

d
e

elem
ents

n
ot

p
resent

in
N
P
12.

T
h
e
su
itab

ility
of

th
e
local

B
star

ab
u
n
d
an

ces
as

a
stan

d
ard

referen
ce

scale
h
as

b
een

d
iscu

ssed
in

d
etail

by
N
P
12.

A
lth

ou
gh

th
e
valu

es
d
erived

from
local

B
stars

h
ave

u
n
certainties

sim
ilar

to
th
e
solar

valu
es,

an
d
are

also
p
otentially

su
b
ject

to
revision

if
a
m
ore

exten
sive

stellar
p
op

u
lation

is
u
sed

,
ou

r
reason

s
for

p
rop

osin
g
th
is
set

as
a
referen

ce
stan

d
ard

are:
B
star

p
h
otosp

h
eric

ab
u
n
d
an

ces
m
easu

re
th
e
b
u
lk

ab
u
n
d
an

ces
of

th
e
n
eb
u
lae

in
w
h
ich

th
ey

recently
form

ed
;
th
ey

form
ed

locally
in

th
e
M
ilky

W
ay;

an
d
th
ey

p
rovid

e
an

en
sem

b
le

average
over

29
stars,

rath
er

th
an

d
ep

en
d
in
g
on

a
sin

gle
star

(th
e
su
n
)
w
h
ich

m
ay

or
m
ay

n
ot

b
e

typ
ical

of
cu
rrent

local
ab

u
n
d
an

ces.

T
h
e
N
P
12

list
in
clu

d
es

th
e
eight

m
ost

im
p
ortant

n
eb

u
lar

elem
ents,

H
e,

C
,
N
,
O
,
N
e,

M
g,

S
i,
an

d
F
e.

W
e
au

gm
ent

th
is
set

for
com

p
leten

ess
w
ith

th
e
b
est

estim
ates

of
ab

u
n
d
an

ces
for

elem
ents

n
ot

in
clu

d
ed

in
th
e

N
P
12

list,
for

exam
p
le

from
th
e
m
ost

recent
solar

(G
revesse

et
al.

2015;
S
cott

et
al.

2015b
)
an

d
m
eteoritic

ab
u
n
d
an

ces
(S
cott

et
al.

2015a,b
;
G
revesse

et
al.

2015;
L
od

d
ers

et
al.

2009).
T
h
is
ap

p
roach

h
as

b
een

u
sed

in
all

p
reviou

s
solar

referen
ce

lists.
H
ow

ever,
th
ese

oth
er

elem
ents

are
less

im
p
ortant

in
th
e
p
hysics

of
n
eb
u
lar

p
rocesses.

A
lth

ou
gh

th
e
valu

es
w
e
su
ggest

are
n
ot

arb
itrary,

oth
er

sou
rces

cou
ld

b
e
ch
osen

.
W
e
d
iscu

ss
th
e

reason
s
for

ad
op

tin
g
th
e
p
articu

lar
valu

es
in

d
etail

b
elow

.

T
h
e
“G

alactic
C
on

cord
an

ce”
scale

is
given

in
T
ab

le
1.

It
is

en
cou

ragin
g
to

n
ote

th
at

th
e
local

B
star

ab
u
n
d
an

ce
for

oxygen
(12+

log(O
/H

)=
8.76)

is
closer

to
th
e
estim

ated
p
rim

ord
ial

solar
ab

u
n
d
an

ce
(8.73)

from
A
sp
lu
n
d
et

al.
(2009)

th
an

to
th
e
often

u
sed

solar
p
h
otosp

h
eric

ab
u
n
d
an

ce
(8.69).

T
h
e
G
alactic

C
on

cord
an

ce



–
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scale
also

in
clu

d
es

scalin
g
b
eh

aviou
r,

as
w
e
n
ow

d
iscu

ss.

3
.4
.

A
n
ew

“
sca

lin
g
p
a
ra

m
eter”

T
h
rou

gh
lon

g
u
sage,

th
e
“Z

”
sym

b
ol

sp
ecifi

es
m
etallicity

(th
at

is,
th
e
com

b
in
ed

m
ass

fraction
of

all
elem

ents
h
eavier

th
an

H
e)

an
d
Z
0
is

th
e
solar

referen
ce

m
etallicity.

U
sin

g
th
e
term

in
ology

“Z
/Z

0 ”
as

th
e

m
easu

rem
ent

of
m
etallicity

relative
to

solar
m
etallicity

is
am

b
igu

ou
s.

T
h
e
am

b
igu

ity
arises

from
th
e
fact

th
at

w
h
ereas

Z
is

strictly
d
efi
n
ed

as
th
e
total

ab
u
n
d
an

ce
of

elem
ents

h
eavier

th
an

h
eliu

m
(sp

ecifi
ed

in
th
e

X
(H

)+
Y
(H

e)+
Z
=

1
m
ass

fraction
relation

sh
ip
),
it
h
as

com
e
to

b
e
loosely

u
sed

in
n
eb

u
lar

an
alysis

to
m
ean

th
e
ab

u
n
d
an

ce
of

oxygen
.
W

h
ile

oxygen
m
akes

th
e
d
om

in
ant

contrib
u
tion

to
total

Z
,
th
e
tw

o
valu

es
are

n
ot

id
entical.

A
n

altern
ative

“solar-in
d
ep

en
d
ent

scalin
g
factor”

is
d
esirab

le,
to

avoid
th
is

am
b
igu

ity.
In

ord
er

to
p
u
t
ab

u
n
d
an

ce
scalin

g
on

a
m
ore

system
atic

b
asis,

w
e
p
rop

ose
a
scalin

g
p
aram

eter,
⇣.

T
h
e
scalin

g
origin

stan
d
ard

fi
d
u
cial

p
oint,

⇣
=

1
(log

⇣
=

0),
is

b
ased

on
th
e
m
ean

valu
es

of
local

region
B

stars
from

N
ieva

&
P
rzyb

illa
(2012),

an
d
th
erefore

refers
to

th
e
p
resent

d
ay

ch
em

ical
ab

u
n
d
an

ces
in

th
e
local

region
of

th
e

M
ilky

W
ay.

W
e
also

n
eed

to
sp
ecify,

w
ith

⇣,
th
e
elem

ent
u
sed

as
th
e
scale

referen
ce.

W
e
cou

ld
u
se

any
elem

ent
or

grou
p
of

elem
ents

as
th
e
b
asis

for
scalin

g.
T
h
e
obviou

s
ch
oices

are
iron

(u
sed

in
th
e
stellar

ab
u
n
d
an

ce
scale)

or
oxygen

(em
p
loyed

in
n
eb
u
lar

p
hysics),

or
th
e
total

m
etallicity,

Z
.
W
e
refer

to
th
ese

as
⇣
F
e ,

⇣
O

an
d

⇣
Z
,
resp

ectively.
In

p
ractice,

F
e
an

d
O

are
th
e
m
ost

u
sefu

l
an

d
th
e
m
ost

w
id
ely

u
sed

.
W

h
ile

th
ese

scalin
g

factors
are

d
i↵
erent,

w
e
w
ill

sh
ow

th
at

th
ey

can
b
e
read

ily
converted

on
e
to

th
e
oth

er,
u
sin

g
ob

served
scalin

g
b
eh
aviou

r
d
erived

from
th
e
stellar

sp
ectra

(section
4).

3
.5
.

S
tella

r
d
a
ta

a
s
a
g
u
id
e
to

n
eb

u
la
r
sca

lin
g
a
t
low

m
eta

llicities

F
or

H
ii

region
s,

th
e
m
easu

red
sp
read

of
m
etallicity

ran
ges

over
1/50

.
Z
/Z

0
.

2,
w
ith

m
ost

b
ein

g
fou

n
d

at
Z
/Z

o
>

0.1.
S
tellar

m
etallicities

(m
easu

red
on

th
e
[F
e/H

]
scale)

sp
an

a
w
id
er

ran
ge,

b
etw

een
⇠
10

�
5
an

d
⇠
3
“solar”

(see
N
orris

et
al.

2013,
an

d
su
b
sequ

ent
p
ap

ers
in

th
e
series).

It
is

n
ot

clear
h
ow

relative
n
eb
u
lar

ab
u
n
d
an

ces
of

F
e
an

d
O

scale
in

H
ii

region
s
at

low
ab

u
n
d
an

ces,
sin

ce
th
ere

is
very

little
ob

servation
al

m
aterial

on
n
eb
u
lar

F
e
ab

u
n
d
an

ces,
an

d
w
e
h
ave

little
kn

ow
led

ge
on

h
ow

d
ep

letion
onto

d
u
st

a↵
ects

th
e
gas-p

h
ase

ab
u
n
d
an

ce
of

F
e.

T
h
is

is
esp

ecially
tru

e
at

low
m
etallicities.

T
o
d
eal

w
ith

th
is
p
rob

lem
,
w
e
can

d
raw

on
th
e
exten

sive
in
form

ation
from

stellar
sp
ectra

as
a
gu

id
e
to

relative
ab

u
n
d
an

ces
of

m
any

elem
ents

at
low

m
etallicities,

(see,
for

exam
p
le,G

on
zález

H
ern

án
d
ez

et
al.2013).

If
w
e
u
se

d
ata

for
m
ain

sequ
en
ce

stars,
b
efore

th
eir

atm
osp

h
eres

h
ave

evolved
d
u
e
to

local
nu

cleosynth
esis

an
d
d
red

ge-u
p
,
w
e
h
ave

u
sefu

l
in
form

ation
on

th
e
ab

u
n
d
an

ces
in

th
e
H
ii

region
s
in

w
h
ich

th
ey

form
ed
,

sp
an

n
in
g
a
far

greater
ran

ge
of

total
m
etallicity

th
an

p
ossib

le
from

n
eb
u
lar

d
ata.

M
a
jor

b
en

efi
ts

of
th
is

ap
p
roach

are
in

th
e
w
id
e
m
etallicity

ran
ge

availab
le

an
d
th
e
ab

ility
to

avoid
ab

u
n
d
an

ce
u
n
certainties

d
u
e
to

d
u
st

d
ep
letion

.
M
in
or

p
rob

lem
s
in
clu

d
e
th
e
d
i↵
erent,

F
e-b

ased
,
scalin

g
u
sed

in
stellar

m
easu

rem
ents,

an
d
th
e
d
i�

cu
lty

of
m
easu

rin
g
th
e
ab

u
n
d
an

ces
of

som
e
elem

ents,
n
otab

ly
oxygen

.
A
s
w
e
w
ill

sh
ow

,
th
e
ch
oice

of
scalin

g
referen

ce
elem

ent
is
n
ot

a
p
rob

lem
u
sin

g
th
e
⇣
p
aram

eter,
an

d
su
�
cient

stellar
sp
ectra

are
availab

le
to

p
rovid

e
an

accu
rate

id
ea

of
h
ow

th
e
availab

le
stellar

d
ata

for
oxygen

scales
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T
ab

le
1:

G
alactic

C
on

cord
an

ce
ab

u
n
d
an

ces

Z
X

12+
log(X

/H
)

S
ou

rce

1
H

12.000
-

2
H
e

10.990
1

3
L
i

3.278
2

4
B
e

1.320
2

5
B

2.807
2

6
C

8.423
3

7
N

7.790
4

8
O

8.760
1

9
F

4.440
2

10
N
e

8.090
1

11
N
a

6.210
5

12
M
g

7.560
1

13
A
l

6.430
5

14
S
i

7.500
1

15
P

5.410
5

16
S

7.120
5

17
C
l

5.250
2

18
A
r

6.400
5

19
K

5.040
5

20
C
a

6.320
5

21
S
c

3.160
5

22
T
i

4.930
5

23
V

3.890
5

24
C
r

5.620
5

25
M
n

5.420
5

26
F
e

7.520
1

27
C
o

4.930
5

28
N
i

6.200
5

29
C
u

4.180
5

30
Z
n

4.560
5

S
ou

rce
R
eferen

ce

1
N
ieva

&
P
rzyb

illa
(2012)

2
L
od

d
ers

et
al.

(2009)

3
fi
t
to

O
an

d
F
e

4
fi
t
to

N
/O

vs
O

cu
rve

5
S
cott

et
al.

(2015a,b
),

G
revesse

et
al.

(2015)
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w
ith

iron
.

In
th
e
follow

in
g
section

,
w
e
exp

lore
th
e
stellar

d
ata

availab
le

for
6
elem

ents
th
at

p
lay

a
key

role
in

controllin
g
th
e
n
eb

u
lar

em
ission

lin
e
sp
ectru

m
(O

,
N
e,

M
g,

A
l,

S
i,

S
),

an
d

also
C
a.

W
e
p
resent

sim
p
le

p
iece-w

ise
lin

ear
fi
ts

to
th
e
ab

u
n
d
an

ces
d
erived

from
th
e
sp
ectral

d
ata

for
th
ese

elem
ents.

W
e
fi
t
carb

on
u
sin

g
th
e
iron

scale
so

th
at

it
is

con
sistent

w
ith

th
e
ob

served
log(C

/O
)
cu

rves
vs

log(O
/H

)
from

N
ieva

&
P
rzyb

illa
(2012).

F
or

n
itrogen

a
fi
t
is

ob
tain

ed
from

stellar
ab

u
n
d
an

ce
log(N

/O
)
valu

es
p
lotted

vs
stellar

oxygen
ab

u
n
d
an

ce,
an

d
sim

ilarly
for

C
l.
F
rom

n
eb

u
lar

m
easu

rem
ents,

w
e
assu

m
e
th
at

th
e
↵
-p
rocess

elem
ents

N
e
an

d
A
r
scale

w
ith

O
d
irectly.

S
tellar

d
ata

for
elem

ents
of

m
in
or

n
eb

u
lar

im
p
ortan

ce
are

treated
sim

ilarly
in

A
p
p
en
d
ix

A
(N

a,
P
,
K
,
S
c,

T
i,
V
,
C
r,

M
n
,
C
o,

N
i,
C
u
,
Z
n
).

It
is

w
orth

stressin
g
th
at

ou
r
p
u
rp
ose

is
n
ot

to
m
od

el
exactly

h
ow

th
e
ab

u
n
d
an

ces
scale

w
ith

iron
,

b
ecau

se
of

th
e
intrin

sic
variation

b
etw

een
in
d
ivid

u
al

stars
an

d
stellar

p
op

u
lation

s
even

w
ith

in
th
e
M
ilky

W
ay,

b
u
t
to

gain
an

overview
of

th
e
tren

d
s
w
h
ere

th
ey

are
ap

p
arent,

an
d
to

u
se

th
ese

to
b
u
ild

im
p
roved

m
od

els
for

scalin
g
n
eb
u
lar

ab
u
n
d
an

ces.

4
.

A
b
u
n
d
a
n
ce

sca
lin

g
in

stella
r
d
a
ta

4
.1
.

S
tella

r
d
a
ta

so
u
rces

T
h
e
stu

d
y
of

th
e
scalin

g
of

stellar
ab

u
n
d
an

ce
ratios

h
as

a
lon

g
h
istory.

It
w
as

review
ed

by
W

h
eeler

et
al.

(1989),
u
sin

g
th
e
stellar

d
ata

availab
le

at
th
e
tim

e.
S
in
ce

th
en

,
far

m
ore

stellar
d
ata

h
ave

b
ecom

e
availab

le,
in

term
s
of

th
e
stellar

p
op

u
lation

s,
th
e
ran

ge
of

m
etallicities

an
d
th
e
elem

ents
m
easu

red
.
F
or

over
tw

o
d
ecad

es,
m
u
ch

e↵
ort

h
as

b
een

p
u
t
into

con
d
u
ctin

g
su
rveys

of
stellar

sp
ectra

(see,
for

exam
p
le

M
ayor

et
al.

2003;
M
agrin

i
et

al.
2014).

In
p
articu

lar,
w
ork

search
in
g
for

evid
en

ce
of

extra-solar
p
lan

ets
(see,

e.g.,
G
on

zález
H
ern

án
d
ez

et
al.

2013)
h
as

yield
ed

an
exten

sive
collection

of
h
igh

qu
ality

stellar
sp
ectra.

T
h
ese

p
rovid

e
d
irect

m
easu

rem
ents

of
h
ow

elem
ent

ab
u
n
d
an

ces
evolve

w
ith

in
creasin

g
total

m
etallicity.

S
om

e
of

th
ese

stu
d
ies

h
ave

b
een

targeted
at

th
e
d
erivation

of
ab

u
n
d
an

ces
of

sp
ecifi

c
elem

ents,
oth

ers
h
ave

b
een

d
irected

at
ran

ges
of

elem
ents

su
ch

as
th
e
iron

-p
eak

or
th
e
↵
-elem

ents.
S
om

e
investigate

d
w
arf

F
,

G
an

d
K

stars
in

th
e
solar

n
eighb

ou
rh
ood

,
oth

ers
con

centrate
on

stars
in

th
e
th
in

d
isk,

th
ick

d
isk

an
d
h
alo.

T
h
e
stellar

d
ata

referen
ces

u
sed

h
ere

are
listed

in
T
ab

le
4
an

d
w
ith

each
ab

u
n
d
an

ce
p
lot

(F
igu

res
2
-
6
an

d
10-

13).
T
h
e
stellar

p
op

u
lation

s
ob

served
in

th
ese

referen
ces

are
given

in
T
ab

le
5.

T
aken

as
a
w
h
ole,

th
ey

p
rovid

e
an

exten
sive

d
atab

ase
from

w
h
ich

to
exp

lore
ab

u
n
d
an

ce
scalin

g
over

a
w
id
e
ran

ge
of

m
etallicities.

W
e
u
se

d
ata

from
th
ese

sou
rces

to
d
evelop

m
od

els
for

th
e
n
eb
u
lar

scalin
g
relation

s
b
etw

een
each

elem
ent.

In
n
eb
u
lar

m
od

ellin
g,

th
e
ab

u
n
d
ant

elem
ents

w
h
ich

d
eterm

in
e
b
oth

th
e
ion

isation
an

d
th
erm

al
stru

c-
tu
res

of
n
eb
u
lae,

an
d
h
en
ce

th
e
em

ission
lin

e
sp
ectra,

are
H
,
H
e,

C
,
N
,
O
,
N
e,

M
g,

S
i,
A
r,
an

d
F
e.

H
ow

ever,
as

th
e
critical

in
p
u
ts

to
any

n
eb
u
lar

m
od

el
in
clu

d
e
stellar

atm
osp

h
eres

an
d
evolu

tion
ary

p
ath

s,
w
e
con

sid
er

h
ere

all
th
e
elem

ents
u
p
to

Z
n
.
F
u
rth

er,
by

in
clu

d
in
g
less

ab
u
n
d
ant

elem
ents

su
ch

as
N
i
an

d
C
l,
w
e
m
ake

p
ossib

le
com

p
arison

s
of

ob
served

lin
e
fl
u
xes

an
d

m
od

el
p
red

iction
s,

th
ereby

allow
in
g
u
s
to

calib
rate

th
e

m
od

el
settin

gs,
an

d
,
id
eally,

estim
ate

d
u
st

d
ep

letion
s.

T
h
e
ease

of
m
easu

rin
g
iron

in
stellar

sp
ectra

m
akes

it
th
e
n
atu

ral
ch
oice

for
com

p
arin

g
w
ith

oth
er

elem
ents.

W
e
th
erefore

p
resent

th
e
ab

u
n
d
an

ces
of

th
e
elem

ents
con

sid
ered

h
ere

as
a
fraction

of
iron

,
vs

iron
,

i.e.,
[X

/F
e]

vs.
[F
e/H

]
(E

qu
ation

1).
A
lth

ou
gh

it
w
ou

ld
b
e
p
ossib

le
to

p
lot

[X
/O

]
vs

[O
/H

]
from

th
e
stellar
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sp
ectra,

th
e
nu

m
b
er

of
stars

w
ith

record
ed

oxygen
is

sign
ifi
cantly

less
th
an

th
ose

w
ith

iron
m
easu

red
in

th
e

sp
ectru

m
,
an

d
th
e
oxygen

d
ata

is
n
oisier

th
an

th
e
iron

d
ata.

C
on

sequ
ently

w
e
ob

tain
fi
ts

to
th
e
ab

u
n
d
an

ce
d
ata

for
[F
e/H

]
scalin

g,
an

d
th
en

invert
th
em

to
oxygen

as
th
e
scalin

g
b
ase,

u
sin

g
th
e
relation

b
etw

een
[O

/F
e]

an
d
[F
e/H

].4
.2
.

S
ca

lin
g
ox

y
g
en

a
n
d
th

e
a
lp
h
a
-elem

en
ts

in
stella

r
sp

ectra

B
efore

lookin
g
at

th
e
stellar

d
ata

elem
ent

by
elem

ent,
a
few

gen
eral

p
oints

are
w
orth

n
otin

g.

•
A

com
p
arison

of
stellar

ab
u
n
d
an

ce
m
easu

rem
ents

u
sin

g
iron

as
th
e
referen

ce
scale

an
d
th
e
oxygen

-
scaled

n
eb

u
lar

m
easu

rem
ents

requ
ires

u
s
to

convert
b
etw

een
th
e
tw

o
scales.

T
o
d
o
th
is
w
e
can

ob
serve

h
ow

stellar
oxygen

ab
u
n
d
an

ce
varies

w
ith

stellar
iron

ab
u
n
d
an

ce,
an

d
u
se

th
is
to

convert
th
e
ob

served
stellar

ab
u
n
d
an

ce
scalin

g
of

th
e
oth

er
elem

ents
b
etw

een
th
e
iron

an
d
oxygen

scales.
T
h
e
conversion

is
n
ot

a
lin

ear
p
rocess,

as
d
i↵
erent

elem
ents

are
synth

esised
at

d
i↵
erent

rates
d
u
rin

g
stellar

evolu
tion

.
T
h
is

an
alysis

is
given

in
d
etail

in
th
e
n
ext

section
.

•
In

gen
eral,

th
e
scalin

g
of

↵
-elem

ents
w
ith

iron
(log

scale)
in

M
ilky

W
ay

stars
is
ap

p
roxim

ately
con

stant
for

[F
e/H

]
>

-2.5
u
ntil

th
e
T
yp

e
Ia

su
p
ern

ovae
b
egin

to
em

erge,
an

d
th
en

falls
w
ith

in
creasin

g
iron

ab
u
n
d
an

ce
startin

g
at

a
w
ell

d
efi

n
ed

b
reak

p
oint

at
[F
e/H

]
⇠

-1.0
(see

th
e
d
iscu

ssion
in

W
yse

&
G
ilm

ore
1993,

esp
ecially

th
eir

F
igu

re
1).

T
h
e
in
itial

ab
u
n
d
an

ce
ratio

of
oxygen

to
iron

is
d
eterm

in
ed

by
th
e
m
assive

star
IM

F
,
an

d
th
e
b
reak

p
oint

is
d
eterm

in
ed

by
th
e
star

form
ation

rate.
T
h
ere

is
evid

en
ce

th
at

th
e
m
assive

star
IM

F
is

largely
invariant

(see,
for

exam
p
le,

W
yse

1998;
K
ord

op
atis

et
al.

2015).
T
hu

s
th
e
stellar

ab
u
n
d
an

ce
scalin

g
relation

s
(F

igu
res

1
to

13
b
elow

)
rem

ain
largely

con
stant

for
stars

in
th
e
M
ilky

W
ay.

T
h
is

m
ay

b
e
a
u
sefu

l
startin

g
p
oint

for
oth

er
large

galaxies
w
ith

sim
ilar

evolu
tion

ary
h
istories

to
th
e
M
ilky

W
ay,

b
u
t
m
ay

n
ot

b
e
th
e
case

for
sm

aller
galaxies,

or
m
assive

active
starb

u
rst

galaxies.

•
S
tellar

sp
ectra

an
alyses

over
th
e
p
ast

d
ecad

e
(e.g.,

B
en
sby

et
al.

2005)
p
rovid

e
evid

en
ce

th
at

d
i↵
erent

stellar
p
op

u
lation

s
in

th
e
th
in

d
isk,

th
e
th
ick

d
isk,

th
e
b
u
lge

an
d
th
e
h
alo

of
th
e
M
ilky

W
ay

h
ave

som
ew

h
at

d
i↵
erent

star
form

ation
h
istories

an
d
can

th
erefore

b
e
d
istin

gu
ish

ed
in

ab
u
n
d
an

ce
p
lots.

A
s
w
e
w
ish

to
d
erive

sim
p
le

ab
u
n
d
an

ce
scalin

g
m
od

els
as

a
gu

id
e
to

ab
u
n
d
an

ce
scalin

g
in

n
eb
u
lae,

w
e

b
ase

ou
r
m
od

els
on

en
sem

b
le

average
fi
ts

to
th
e
stellar

scalin
g,

rath
er

th
an

u
sin

g
sin

gle
p
op

u
lation

s,
alth

ou
gh

in
m
ost

cases,
th
e
sam

p
led

p
op

u
lation

s
are

d
om

in
ated

by
M
ilky

W
ay

th
ick

d
isk

stars.
W
e

p
rovid

e
a
list

of
th
e
sou

rces
u
sed

for
each

elem
ent,

an
d
th
e
p
op

u
lation

s
stu

d
ied

,
in

T
ab

le
4.

W
e
list

th
e
p
op

u
lation

s
stu

d
ied

in
th
ese

sou
rces

in
T
ab

le
5.

4.2.1.
O
xygen

abun
dan

ces

O
xygen

is
th
e
m
ost

ab
u
n
d
ant

elem
ent

in
H
ii
region

s
after

H
an

d
H
e,

an
d
p
lays

a
d
om

in
ant

role
in

th
e

p
hysical

p
rocesses.

H
ow

ever,
it

is
n
ot

an
easy

elem
ent

to
m
easu

re
in

stellar
sp
ectra,

d
u
e
to

th
e
w
eakn

ess
of

th
e
ab

sorp
tion

lin
es,

esp
ecially

at
low

m
etallicity,

an
d
,
in

som
e
cases,

interferen
ce

from
ad

jacent
n
ickel

lin
es.

A
s
a
con

sequ
en
ce,

th
ere

is
sign

ifi
cant

scatter
in

th
e
com

p
u
ted

ab
u
n
d
an

ce
valu

es.
T
h
e
m
an

n
er

in
w
h
ich

ab
u
n
d
an

ces
are

calcu
lated

is
also

critical:
ign

orin
g
n
on

-L
ocal

T
h
erm

od
yn

am
ic

E
qu

ilib
riu

m
(N

L
T
E
)
e↵

ects
can

introd
u
ce

errors
of⇠

0.1
d
ex

in
com

p
u
ted

ab
u
n
d
an

ces
even

in
th
e
case

of
cool

d
w
arf

stars
(R

am
ı́rez

et
al.
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2013).
3D

N
L
T
E
m
od

els
give

con
sistently

b
etter

resu
lts

th
an

1D
or

local
th
erm

od
yn

am
ic

equ
ilib

riu
m

(L
T
E
)

m
eth

od
s.

A
ggregate

p
lots

of
oxygen

ab
u
n
d
an

ce
sh
ow

con
sid

erab
le

scatter,
a
resu

lt
of

d
i↵
erent

an
alysis

m
eth

od
s

an
d
ob

servation
al

u
n
certainties.

F
igu

re
2
(left

p
an

el)
sh
ow

s
recent

resu
lts

from
a
3D

N
L
T
E
rean

alysis
of

648
stellar

sp
ectra

from
A
m
arsi

et
al.

(2015)
selected

from
h
igh

sign
al

to
n
oise

ratio
d
ata

sets.
W
e
u
se

th
e
d
ata

from
th
is

w
ork

as
th
ey

exh
ib
it
sign

ifi
cantly

less
scatter

th
an

a
sim

p
le

aggregation
of

ob
servation

s.

T
h
e
d
ata

p
lotted

are
[O

/F
e]
vs

[F
e/H

]
w
h
ere

th
ese

p
aram

eters
are

d
efi

n
ed

in
th
e
u
su
al

stellar
form

alism
,

in
term

s
of

th
e
referen

ce
F
e
an

d
O

valu
es.

T
h
e
n
otation

refers
to

a
referen

ce
stan

d
ard

,
u
su
ally

a
solar

scale,
b
u
t
h
ere

w
e
u
se

it
to

refer
to

th
e
G
alactic

C
on

cord
an

ce
scale

,
u
sin

g
nu

m
b
er

fraction
s
rath

er
th
an

m
ass

fraction
s:

[F
e/H

]
=

log(F
e/H

)
sta

r �
log(F

e/H
)
referen

ce
(1)

an
d

[O
/F

e]
=

log(O
/F

e)
sta

r �
log(O

/F
e)

referen
ce

.
(2)

E
ach

d
ata

set
h
as

b
een

converted
to

th
e
G
alactic

C
on

cord
an

ce
scale

(see
p
reviou

s
section

).
T
h
e
red

lin
es

are
ad

op
ted

fi
ts

to
th
e
ob

servation
s,
d
iscu

ssed
b
elow

.
T
h
ey

are
close

to
th
e
least-squ

are
fi
ts

to
th
e
d
ata

(see
left

p
an

el,
F
igu

re
1
),
b
u
t
th
e
scatter

in
th
e
stellar

d
ata

d
u
e
to

th
e
d
i↵
erent

m
easu

red
p
op

u
lation

s
an

d
intrin

sic
m
easu

rem
ent

an
d
m
od

ellin
g
u
n
certainties,

m
ake

least-squ
are

fi
ttin

g
of

little
valu

e.

In
th
e
rep

orted
stellar

ab
u
n
d
an

ce
d
ata,

th
ere

is
in
creasin

g
scatter

b
elow

[F
e/H

]⇠
-2.5.

S
om

e
of

th
is

is
d
u
e
to

m
easu

rem
ent

n
oise,

an
d
som

e
is

d
u
e
to

d
i↵
erent

m
eth

od
s
u
sed

to
d
erive

th
e
m
etallicity

(L
T
E

or
N
L
T
E
,
1D

or
3D

).
H
ow

ever,
som

e
scatter

im
ay

also
b
e
cau

sed
by

intrin
sic

stoch
asticity

in
th
e
ab

u
n
d
an

ce
ratio,

in
d
icatin

g
stars

th
at

form
ed

in
region

s
w
h
ere

th
e
elem

ents
in

th
e
IS
M

h
ad

n
ot

b
een

u
n
iform

ly
en
rich

ed
by

su
�
ciently

m
any

core-collap
se

su
p
ern

ovae
to

gen
erate

a
u
n
iform

ab
u
n
d
an

ce
p
attern

(W
yse

1998).
It

is
also

p
ossib

le
th
at

som
e
scatter

is
d
u
e
to

th
e
local

in
fl
u
en

ce
of

d
i↵
erent

typ
es

of
core-collap

se
su
p
ern

ovae.
M
ore

recent
d
ata

for
m
etal-p

oor
stars

from
th
e
th
ick

d
isk

from
th
e
R
A
V
E

su
rvey

(F
igu

re
2,

R
u
chti

et
al.

2011,
d
ark

green
p
oints,

M
g
an

d
S
i)

sh
ow

a
tighter

sp
read

th
an

for
th
e
oxygen

d
ata

b
etw

een
[F
e/H

]
=

-2.8
an

d
-1.0.

T
o
avoid

u
n
certainty

in
d
erivin

g
gen

eric
fi
ts

to
th
e
tren

d
s,

w
e
on

ly
attem

p
t
fi
ts

ab
ove

[F
e/H

]
=

-2.5.

F
or

-2.5
<

[F
e/H

]
<

-1.0,
th
ere

is
a
region

w
h
ere

[O
/F

e]
ap

p
ears

ap
p
roxim

ately
con

stant
b
u
t
w
ith

w
id
e
scatter.

T
h
is

is
th
e
zon

e
w
h
ere

th
e
en
rich

m
ent

by
core-collap

se
su
p
ern

ovae
h
as

gen
erated

an
IS
M

w
ith

ap
p
roxim

ately
con

stant
com

p
osition

,
an

d
also

w
h
ere

th
e
elem

ent
ab

u
n
d
an

ces
are

su
�
cient

to
red

u
ce

m
easu

rem
ent

u
n
certainty.

T
h
e
n
ext

featu
re

occu
rs

at
[F
e/H

]
=

-1.0,
w
h
ere

th
ere

is
a
b
reakp

oint,
follow

ed
by

clear
d
ow

nw
ard

tren
d
in

[O
/F

e]
as

T
yp

e
1a

(d
eton

ation
,
or

low
-m

ass)
su
p
ern

ovae
com

m
en
ce

en
rich

in
g
th
e
IS
M

w
ith

large
am

ou
nts

of
iron

.
T
h
e
scatter

in
th
is

region
is

likely
d
u
e
to

th
e
intrin

sic
d
iversity

of
stellar

p
op

u
lation

s
an

d
in
d
ivid

u
al

evolu
tion

ary
p
ath

s.

A
t
som

e
p
oint,

a
fu
rth

er
con

stant
p
lateau

at
a
low

er
valu

e
of

[O
/F

e]
m
ay

b
e
reach

ed
,
w
h
en

th
e
en
rich

-
m
ent

b
alan

ce
of

core-collap
se

an
d
d
eton

ation
su
p
ern

ovae
again

ach
ieve

a
con

stant
ab

u
n
d
an

ce
ratio,

assu
m
in
g

a
continu

in
g
su
p
p
ly

of
interstellar

gas.
T
h
e
stellar

d
ata

d
o
n
ot

sh
ow

if,
or

exactly
w
h
ere

th
is

secon
d
b
reak-

p
oint

occu
rs,

so,
for

th
e
p
u
rp
oses

of
an

alysis
w
e
h
ave

set
it

at
[F
e/H

]
=

+
0.5,

corresp
on

d
in
g
to

⇠
3
tim

es
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th
e
cu
rrent

referen
ce

iron
ab

u
n
d
an

ce.
It

d
oes

n
ot

seem
likely

th
at

th
e
en

rich
m
ent

of
iron

relative
to

oth
er

elem
ents

w
ill

continu
e
in
d
efi
n
itely.

T
h
ere

is
som

e
evid

en
ce

con
sistent

w
ith

th
is
assu

m
p
tion

in
th
e
↵
-elem

ent
resu

lts
p
resented

by
C
asagran

d
e
et

al.
(2011,

in
p
articu

lar,
th
eir

fi
gu

re
19).

A
fu
rth

er
p
oint

to
n
ote

is
th
at

th
ere

ap
p
ears

to
b
e
a
sh
arp

u
p
p
er

lim
it,⇠

+
0.6,

to
th
e
[F
e/H

]
valu

es
ob

served
.
T
h
e
reason

for
th
is

m
ay

b
e
th
at

n
o
stars

h
ave

yet
form

ed
ab

ove
th
is

iron
ab

u
n
d
an

ce
to

en
rich

th
e
IS
M
.
It

is
th
e
su
b
ject

of
a
cu
rrent

research
p
rogram

(M
.
A
sp
lu
n
d
,
2016,

p
ers.

com
m
.).

T
h
e
equ

ivalent
w
id
th
s
of

iron
ab

sorp
tion

lin
es

are
also

d
i�

cu
lt

to
m
easu

re
at

h
igh

m
etallicity

again
st

a
stellar

continu
u
m

erod
ed

by
nu

m
erou

s
fi
n
e
ab

sorp
tion

lin
es.

4
.3
.

S
tella

r
a
b
u
n
d
a
n
ce

sca
lin

g
p
lo
ts

4.3.1.
A
lpha-elem

en
ts,

oxygen
,
m
agn

esium
an

d
silicon

F
igu

re
2
(m

id
d
le
an

d
right

p
an

els)
sh
ow

s
th
e
logarith

m
ic
ab

u
n
d
an

ce
p
lots

for
th
e
↵
-elem

ents
m
agn

esiu
m

an
d
silicon

,
b
oth

of
w
h
ich

exh
ib
it
th
e
sam

e
b
eh
aviou

r
as

oxygen
,
rep

eated
in

th
is
fi
gu

re
for

com
p
arison

.
It

is
clear

th
at

th
e
u
p
p
er

b
reakp

oint
is
very

sim
ilar

for
each

↵
-elem

ent,
at

[F
e/H

]⇠
-1.0

for
th
e
M
ilky

W
ay

stars
an

alysed
.
T
h
is
is
con

sistent
w
ith

th
e
id
ea

th
at

for
[F
e/H

]
<

-1.0,
th
e
ab

u
n
d
an

ce
p
attern

s
are

estab
lish

ed
by

nu
m
erou

s
core-collap

se
su
p
ern

ovae.
A
b
ove

th
at

valu
e,

in
each

case,
d
eton

ation
su
p
ern

ovae
com

m
en

ce
th
e

iron
en
rich

m
ent

p
rocess.

O
th
er

sim
ilar

p
u
b
lish

ed
d
ata,

e.g.,
B
en

sby
et

al.
(2005,

th
eir

F
igu

re
8)

sh
ow

th
e

sam
e
b
eh
aviou

r,
b
u
t
h
ave

n
ot

b
een

in
clu

d
ed

in
th
e
d
iagram

s
for

clarity.

4.3.2.
C
alcium

,
S
ulphur

an
d
A
lum

in
ium

T
h
e
d
ata

for
C
a,

S
an

d
A
l
in

F
igu

re
3
follow

oxygen
,
m
agn

esiu
m

an
d
silicon

,
as

exp
ected

for
elem

ents
gen

erated
by

th
e
alp

h
a
p
rocess.

In
th
e
alu

m
in
iu
m

p
lot,

th
e
o↵

set
an

d
scatter

at
low

[F
e/H

]
m
ay

b
e
th
e

resu
lt
of

stellar
m
od

el
d
efi
cien

cies
in

th
e
old

er
d
ata,

an
d
so

h
ave

n
ot

b
een

in
clu

d
ed

in
th
e
lin

e
fi
t.

4
.4
.

S
ca

lin
g
o
f
o
th

er
im

p
o
rta

n
t
n
eb

u
la
r
elem

en
ts

4.4.1.
C
arbon

an
d
N
itrogen

C
arb

on
an

d
n
itrogen

in
n
eb
u
lae

p
resent

a
p
rob

lem
w
h
en

scaled
to

m
etallicities

h
igh

er
or

low
er

th
an

th
e

stan
d
ard

b
aselin

e.
V
ila

C
ostas

&
E
d
m
u
n
d
s
(1993,

fi
gu

re
4)

sh
ow

ed
th
at

th
e
n
eb

u
lar

scalin
g
of

n
itrogen

w
ith

oxygen
can

b
e
exp

lain
ed

by
a
com

b
in
ation

of
p
rim

ary
n
itrogen

(a
con

stant
fraction

of
oxygen

w
ith

in
creasin

g
oxygen

ab
u
n
d
an

ce)
an

d
secon

d
ary

n
itrogen

(a
lin

early
in
creasin

g
fraction

of
oxygen

w
ith

in
creasin

g
oxygen

in
log

sp
ace).

T
h
e
p
rim

ary
ab

u
n
d
an

ces
origin

ate
from

en
rich

m
ent

by
core-collap

se
su
p
ern

ovae
in

th
e
n
ative

gas
clou

d
from

w
h
ich

th
e
H
ii
region

form
ed

,
an

d
th
e
secon

d
ary

ab
u
n
d
an

ces
arise

from
d
elayed

nu
cleosynth

esis
th
rou

gh
h
ot-b

ottom
b
u
rn
in
g
an

d
d
red

ge-u
p
in

interm
ed

iate
m
ass

stars
as

th
ey

evolve.

T
h
e
existen

ce
of

p
rim

ary
n
itrogen

h
as

b
een

qu
estion

ed
for

stellar
sp
ectra

(A
sp
lu
n
d

2005),
b
u
t
th
e

n
eb
u
lar

d
ata

con
sistently

ap
p
ear

to
follow

th
e
p
rim

ary/secon
d
ary

tren
d
(see

V
ila

C
ostas

&
E
d
m
u
n
d
s
(1993);
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-2.0
-1.0

0.0

0.0

0.5

1.0

[X/Fe]

O
 6300

O
 7770

adopted fit ___
least squares fit -----

Ξ = 0.50
O

-2.0
-1.0

0.0

Ξ = 0.4
Si

-2.0
-1.0

0.0
[Fe/H

]

Ξ = 0.40
M

g

F
ig.

2.—
S
calin

g
of

O
,
M
g,

S
i
vs.

F
e
from

stellar
sp
ectra.

L
eft

p
an

el:
O
xygen

scalin
g
as

a
fu
n
ction

of
[F
e/H

]
from

A
m
arsi

et
al.

(2015),
th
e
m
ost

carefu
lly

an
d
con

sistently
red

u
ced

stellar
oxygen

d
ata

availab
le.

T
h
e
ad

op
ted

p
iece-w

ise
lin

ear
fi
t
is

sh
ow

n
as

a
red

lin
e,

an
d

th
e
stan

d
ard

(G
C
)
m
etallicity

(fi
d
u
cial

p
oint)

as
a
yellow

circle.
T
h
e
d
ash

ed
oran

ge
lin

e
is
a

p
iece-w

ise
least-squ

ares
fi
t
to

th
e
d
ata,

an
d
d
i↵
ers

from
th
e
ad

op
ted

fi
t
by

far
less

th
an

th
e

intrin
sic

scatter
of

th
e
stellar

d
ata.

T
h
e
p
aram

eter
⌅
is
d
efi
n
ed

in
E
qu

ation
5
an

d
sp
ecifi

es

th
e
low

m
etallicity

p
lateau

valu
e.

N
ote

th
at,

in
th
is
an

d
su
b
sequ

ent
fi
gu

res,
w
h
ile

th
e
tren

d

lin
es

d
raw

n
exten

d
to

[F
e/H

]
<

-2.5,
w
e
on

ly
u
se

valu
es

>
-2.0

in
ou

r
n
eb
u
lar

fi
ts.

M
id
-
an

d

right
p
an

els
sh
ow

th
e
stellar

d
ata

for
M
g
an

d
S
i.
S
ou

rces:
(A

m
arsi

et
al.

2015,
O
,
b
lu
e
an

d

b
lack

p
oints)

(R
u
chti

et
al.

2011,
M
g,

S
i,
d
ark

green
),
(A

d
ib
ekyan

et
al.

2012,
M
g,

S
i,
grey),

(G
on

zález
H
ern

án
d
ez

et
al.

2013,
M
g,

S
i,
oran

ge),
(B

en
sby

et
al.

2014,
M
g,

S
i,
b
lu
e
d
iscs),

(H
in
kel

et
al.

2014,
M
g,

S
i,
p
u
rp
le),

(H
ow

es
et

al.
2015,

M
g,

S
i,
red

circles)
(C

ayrel
et

al.

2004,
S
i,
b
lu
e
circles)
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D
op

ita
et

al.
(2000);

G
roves

et
al.

(2004);
D
op

ita
et

al.
(2013),

an
d
Izotov

&
T
hu

an
(1999)),

so
w
e
accep

t
th
is
m
od

el
as

a
u
sefu

l
d
escrip

tion
of

th
e
scalin

g
b
eh

aviou
r
of

n
itrogen

.
T
h
e
ob

served
d
isp

ersion
in

th
e
valu

es
of

log(N
/O

),
esp

ecially
at

low
m
etallicity,

are
d
iscu

ssed
in

G
avilán

et
al.

(2006).
C
learly,

th
is

sp
read

m
akes

sp
ecifyin

g
a
sin

gle
d
escrip

tion
p
rob

lem
atic,

b
u
t
w
e
u
se

th
e
fi
t
d
escrib

ed
h
ere,

n
otin

g
th
at

it
sh
ou

ld
b
e
treated

as
a
startin

g
p
oint

for
m
od

ellin
g,

rath
er

th
an

b
ein

g
p
rescrip

tive.

F
igu

re
4
p
resents

p
lots

of
log(C

/O
)
an

d
log(N

/O
)
vs.

12+
log(O

/H
),

sh
ow

in
g
th
e
com

p
lex

scalin
g

b
eh
aviou

r
d
u
e
to

p
rim

ary
an

d
secon

d
ary

sou
rces.

(W
e
u
se

th
e
12+

log(O
/H

)
scale,

rath
er

th
an

[O
/H

],
follow

in
g
th
e
n
eb
u
lar

p
hysics

convention
).

T
h
e
left

p
an

el
of

th
at

fi
gu

re
sh
ow

s
stellar

carb
on

d
ata

from
G
u
stafsson

et
al.

(1999)
(squ

ares,
galactic

d
isk

solar
typ

e
d
w
arfs),

S
p
ite

et
al.

(2005)
(d
iam

on
d
s,
h
alo

m
etal-

p
oor

u
n
m
ixed

giants),
F
ab

b
ian

et
al.

(2009)
(crosses,

h
alo

solar
typ

e
d
w
arfs

an
d
su
b
giants),

an
d
N
ieva

&
P
rzyb

illa
(2012)

(b
lu
e
circles,

B
stars

in
th
e
local

region
).

T
h
e
n
itrogen

d
ata

are
also

con
sistent

w
ith

th
at

from
M
ollá

et
al.

(2006);
G
avilán

et
al.

(2006).
L
ikew

ise,
th
e
fi
ts

an
d
d
ata

from
G
avilán

et
al.

(2005)
are

con
sistent

w
ith

th
e
carb

on
d
ata

p
resented

h
ere.

F
or

carb
on

,
th
e
d
ata

from
A
kerm

an
et

al.
(2004)

an
d
N
issen

et
al.

(2014)
w
ere

n
ot

u
sed

in
th
e
fi
t,

as
in
form

ation
on

com
p
u
tation

m
eth

od
s
u
sed

(solar
stan

d
ard

,
N
/L

T
E
)
w
as

n
ot

clear,
b
u
t
th
e
d
ata

from
th
ose

sou
rces

su
ggests

th
ey

are
con

sistent
w
ith

th
e
fi
t.

T
h
e
scalin

g
w
e
assu

m
e
for

carb
on

d
ep

en
d
s
on

stellar
ob

servation
s
w
ith

con
sequ

ent
caveats

on
th
eir

reliab
ility.

It
is

w
ell

estab
lish

ed
th
at

som
e
very

early
stars

are
rich

in
carb

on
w
h
ile

b
ein

g
very

m
etal

p
oor

(carb
on

en
h
an

ced
m
etal

p
oor,

or
C
E
M
P
)
(e.g.

N
orris

et
al.

2013).
T
hu

s
th
e
fi
t
for

carb
on

scalin
g
can

at
b
est

b
e
an

average.
T
h
e
ob

served
scalin

g
can

b
e
fi
t
w
ith

th
e

p
iecew

ise
lin

ear
m
eth

od
as

a
fu
n
ction

of
[F
e/H

],
u
sed

for
th
e
↵
-elem

ents,
w
ell

w
ith

in
th
e
scatter

of
th
e
d
ata,

so
w
e
u
se

th
is

m
eth

od
for

sim
p
licity.

T
h
e
b
est

fi
t
is

ach
ieved

for
a
fi
d
u
cial

valu
e
of

12+
log(C

/H
)
=

8.42,
rath

er
th
an

th
e
B

star
valu

e
of

8.33.
T
h
e
latter

valu
e
w
as

sim
ilar

to
th
e
p
reviou

s
B

star
valu

e
rep

orted
by

th
ose

au
th
ors,

an
d
som

ew
h
at

low
er

th
an

solar
p
h
otosp

h
eric

or
b
u
lk

valu
e,

as
d
iscu

ssed
by

A
sp
lu
n
d
et

al.
(2009).

T
h
e
fi
d
u
cial

valu
e
w
e
p
rop

ose
is
closer

to
p
reviou

s
solar

an
d
m
eteoritic

valu
es

(see
T
ab

le
3),

b
u
t
th
is

m
ay

requ
ire

revision
in

th
e
light

of
b
etter

d
ata

an
d
m
ore

accu
rate

an
alysis

m
eth

od
s.

T
h
e
right

p
an

el
sh
ow

s
th
e
equ

ivalent
d
ata

for
n
itrogen

,
from

S
p
ite

et
al.

(2005)
(d
iam

on
d
s,
h
alo

m
etal-

p
oor

u
n
m
ixed

giants),
F
ab

b
ian

et
al.(2009)

(crosses,
h
alo

solar
typ

e
d
w
arfs

an
d
su
b
giants),

N
ieva

&
P
rzyb

illa
(2012)

(local
B

stars,
b
lu
e
d
ots)

an
d
n
eb

u
lar

d
ata

from
B
lu
e
C
om

p
act

G
alaxies

from
Izotov

&
T
hu

an
(1999)

w
h
o
state

th
at

th
ere

is
little

evid
en
ce

for
d
u
st

in
th
ese

ob
jects,

an
d
,
by

im
p
lication

,
th
at

th
ere

is
little

oxygen
or

n
itrogen

d
ep
letion

into
d
u
st.

T
h
e
d
eterm

in
ation

of
N

is
d
ou

b
ly

d
i�

cu
lt.

P
rim

ary
an

d
secon

d
ary

sou
rce

b
eh

aviou
rs

th
at

d
ep

en
d

on
in
d
ivid

u
al

galaxy
star

form
ation

h
istories

an
d
p
articu

lar
p
op

u
lation

s,
m
ean

th
at

th
e
on

set
of

secon
d
ary

b
eh
aviou

r
w
ill

vary
from

case
to

case,
m
akin

g
a
sin

gle
fu
n
ction

u
n
likely

to
m
atch

any
given

ob
ject.

A
fu
rth

er
com

p
lication

is
th
e
d
i�

cu
lty

in
estim

atin
g
n
itrogen

ab
u
n
d
an

ce
sp
ectroscop

ically
in

m
etal

p
oor

stars,
w
h
ere

N
L
T
E
an

d
3D

e↵
ects

n
eed

to
b
e
taken

into
accou

nt.
A
ny

ab
u
n
d
an

ce
scale

u
sed

in
n
eb

u
lar

m
od

ellin
g,

b
ased

on
N

or
N
/O

ratios,
is

som
ew

h
at

u
n
certain

.
C
on

sequ
ently,

th
e
fi
t
w
e
p
rop

ose
h
ere

on
ly

ap
p
lies

to
b
u
lk

w
ell-m

ixed
n
eb

u
lar

ab
u
n
d
an

ces
for

th
e
M
ilky

W
ay.

A
ch
eck

on
th
is

fi
t
is

availab
le

from
th
e
B
lu
e
C
om

p
act

D
w
arf

galaxy
n
eb

u
lar

d
ata

in
F
igu

re
4
from

Izotov
&

T
hu

an
(1999)

(oran
ge

d
iscs).

A
lth

ou
gh

lim
ited

by
th
e

n
atu

re
of

th
e
ob

jects
to

a
restricted

m
etallicity

ran
ge,

th
e
fi
t
su
ggests

th
at

th
is
cu
rve

p
rovid

es
a
satisfactory

d
escrip

tion
of

th
e
n
eb
u
lar

ab
u
n
d
an

ce
b
eh
aviou

r.

T
h
e
stellar

d
ata

for
carb

on
an

d
n
itrogen

sp
an

a
ran

ge
from

12+
log(O

/H
)⇠

6.0
to

⇠
9.0,

a
m
ore

exten
d
ed

ran
ge

th
an

is
p
ossib

le
to

ach
ieve

in
n
eb

u
lar

d
ata,

an
d
,
u
n
like

m
ost

n
eb

u
lar

ab
u
n
d
an

ces,
th
ey

are
n
ot

su
b
ject

to
d
u
st

d
ep
letion

u
n
certainties.
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W
e
fi
t
a
sim

p
le

exp
ression

com
b
in
in
g
th
e
p
rim

ary
an

d
secon

d
ary

sou
rces

to
th
e
stellar

d
ata,

log(X
/O

)
=

log h10
a
+
10

[lo
g
(O

/
H
)+

b
] i

(3)

w
h
ere

X
=

N
or

C
,
u
sin

g
�
-squ

are
m
in
im

isation
to

ob
tain

a
b
est-fi

t
an

alytic
cu
rves.

T
h
e
fi
ts

to
th
e
stellar

d
ata

are
sh
ow

n
in

F
igu

re
4
(red

lin
es),

w
ith

p
rim

ary
an

d
secon

d
ary

fi
ts

(b
lack-d

ash
ed

lin
es).

F
or

carb
on

,
a
=

-0.8,
b
=

2.72,
an

d
for

n
itrogen

a
=

-1.732,
b
=

2.19.
T
h
e
n
itrogen

d
ata

sh
ow

a
greater

scatter
th
an

for
carb

on
,
d
u
e
to

th
e
intrin

sic
variation

in
n
itrogen

.
H
ow

ever,
th
e
fi
t
p
rovid

es
a
m
ean

s
for

scalin
g
n
itrogen

ab
u
n
d
an

ce
b
ased

on
kn

ow
n
p
hysics.

T
h
e
fi
t
of

th
e
n
eb

u
lar

p
oints

(oran
ge

d
ots)

su
ggests

th
e
cu

rve
is

likely
to

b
e
a
con

sid
erab

le
im

p
rovem

ent
on

sim
p
le

lin
ear

scalin
g.

T
h
e
ob

served
b
eh

aviou
r
of

n
itrogen

w
as

fi
tted

an
alytically

by
G
roves

et
al.

(2004)
for

A
G
N
s,

w
h
o
d
erived

a
relation

sim
ilar

to
E
qu

ation
3.

4.4.2.
H
elium

H
eliu

m
w
as

created
th
rou

gh
nu

cleosynth
esis

d
u
rin

g
th
e
B
ig

B
an

g,
an

d
is
stillb

ein
g
created

continu
ou

sly
by

stars.
T
hu

s,
th
e
ab

u
n
d
an

ce
of

h
eliu

m
b
egan

at
th
e
p
rim

ord
ial

valu
e
an

d
h
as

in
creased

stead
ily

sin
ce

th
en
.
In

th
e
ab

sen
ce

of
a
d
etailed

kn
ow

led
ge

of
th
e
h
istorical

star
form

ation
rate

in
ou

r
galaxy,

w
e
assu

m
e

a
lin

ear
rate

of
in
crease

w
ith

oxygen
ab

u
n
d
an

ce.
(B

oth
oxygen

an
d

h
eliu

m
ab

u
n
d
an

ces
in
crease

d
u
e
to

early
core-collap

se
su
p
ern

ovae,
w
h
ereas

th
e
m
ain

in
crease

in
iron

ab
u
n
d
an

ce
h
as

a
d
elayed

on
set,

as
n
oted

earlier).
T
h
ere

h
ave

b
een

nu
m
erou

s
attem

p
ts

to
estim

ate
p
rim

ord
ialH

e.
W
e
ad

op
t
th
e
p
rim

ord
ialab

u
n
d
an

ce
from

W
M
A
P

m
easu

rem
ents

(O
live

&
S
killm

an
2004;

C
yb

u
rt

et
al.

2008)
corresp

on
d
in
g
to

a
m
ass

fraction
Y

p
rim

o
rd

ia
l
=

0.2486
±
0.0002.

E
arlier

p
re-W

M
A
P

estim
ates

su
ch

as
th
at

of
P
agel

et
al.

(1992)
of

0.228
±

0.005
cou

ld
b
e
u
sed

,
b
u
t

th
ese

are
b
ased

on
extragalactic

H
ii

region
s
an

d
m
ay

b
e
a↵

ected
by

stellar
evolu

tion
ary

p
rocesses.

W
h
en

exam
in
in
g
th
e
h
eliu

m
content

of
en

rich
ed

p
op

u
lation

s
in

glob
u
lar

clu
sters,

P
ortin

ari
et

al.
(2010)

ad
op

t
th
e

valu
e
for

Y
p
rim

o
rd

ia
l
=

0.240
±
0.006

from
th
e
stu

d
y
of

p
rim

ord
ial

nu
cleosynth

esis
by

S
teigm

an
(2007).

It
is

n
ot

clear
th
at

th
e
fi
n
al

valu
e
for

th
e
p
rim

ord
ial

valu
e
of

th
e
h
eliu

m
ab

u
n
d
an

ce
is

settled
.
T
h
e
W

M
A
P

m
easu

rem
ents

ap
p
ear

to
b
e
th
e
m
ost

p
recise

availab
le

an
d
are

n
ot

su
b
ject

to
stellar

evolu
tion

m
od

ifi
cation

.

U
sin

g
p
resent

d
ay

h
eliu

m
ab

u
n
d
an

ce
d
erived

from
th
e
solar

p
h
otosp

h
ere

is
u
n
reliab

le,
as

h
eliu

m
h
as

b
een

p
rocessed

by
th
e
S
u
n

d
u
rin

g
its

lifetim
e.

C
on

sequ
ently

w
e
ad

op
t
th
e
B
-stars

valu
e
from

N
ieva

&
P
rzyb

illa
(2012),

log(H
e/H

)
=

-1.01.
If

w
e
u
se

th
e
scalin

g
factor

⇣
for

oxygen
,
i.e.,

⇣
O
,
w
e
can

exp
ress

th
e

ab
u
n
d
an

ce
of

h
eliu

m
as:

log(H
e/H

)
=

�
1.0783

+
log[1

+
0.17031

⇥
⇣
O
/⇣

O
(0)]

(4)

In
th
e
ab

sen
ce

of
b
etter

d
ata,

follow
in
g
P
agel

et
al.

(1992),
w
e
assu

m
e
a
sim

p
le

lin
ear

relation
sh
ip
.
It

sh
ou

ld
b
e
n
oted

,
h
ow

ever,
th
at

th
e
sam

e
form

alism
can

b
e
u
sed

for
any

oth
er

p
rim

ord
ial

an
d
p
resent-d

ay
h
eliu

m
ab

u
n
d
an

ces,
an

d
if
d
ata

is
availab

le
to

su
ggest

a
n
on

-lin
ear

relation
sh
ip

w
ith

oxygen
ab

u
n
d
an

ce,
th
is

can
also

b
e
accom

m
od

ated
.
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-2.0
-1.0

0.0

0.00

0.50

1.00
Ξ = 0.35

C
a

[X/Fe]

-2.0
-1.0

0.0
[Fe/H

]

Ξ = 0.40
S

-2.0
-1.0

0.0

Ξ = 0.40
Al

F
ig.

3.—
S
calin

g
of

C
a,

S
,
A
l
vs.

F
e
from

stellar
sp
ectra.

S
ou

rces:
(R

u
chti

et
al.

2011,

C
a,

d
ark

green
),

(A
d
ib
ekyan

et
al.

2012,
C
a,

yellow
),

(H
ow

es
et

al.
2015,

C
a,

red
circles),

(C
ayrel

et
al.

2004,
C
a,

b
lu
e
circles),

(H
in
kel

et
al.

2014,
C
a,

A
l,
p
u
rp
le),

(B
en
sby

et
al.

2014,
C
a,

A
l,
b
lu
e),

(G
on

zález
H
ern

án
d
ez

et
al.

2013,
C
a,

S
,
A
l,
oran

ge),
(C

a↵
au

et
al.

2005,

2011b
,
S
,
b
lack,

red
),

(S
p
ite

et
al.

2011,
S
,
m
agenta),

(E
d
vard

sson
et

al.
1993,

A
l,
yellow

),

(A
n
d
rievsky

et
al.

2010,
A
l,
grey),

(C
ayrel

et
al.

2004,
A
l,
red

)

6.0
7.0

8.0
9.0

-1.5

-1.0

-0.5

0.0

0.5

12+log(O
/H
)

log(C/O)

C

6.0
7.0

8.0
9.0

-2.5

-2.0

-1.5

-1.0

-0.5

12+log(O
/H
)

log(N/O)

prim
ary

secondary

N

secondary

prim
ary

F
ig.

4.—
S
calin

g
of

C
an

d
N
.
C
:
sou

rces:
(G

u
stafsson

et
al.

1999,
oran

ge
squ

ares),
(A

kerm
an

et
al.

2004,
b
lu
e
circles),

(F
ab

b
ian

et
al.

2009,
green

’x’),
(S
p
ite

et
al.

2005,
b
lack

d
iam

on
d
s),

(N
ieva

&
P
rzyb

illa
2012,

b
lu
e
d
iscs),

(N
issen

et
al.

2014,
yellow

d
iscs)

N
:
sou

rces:
(Izotov

&
T
hu

an
1999,

oran
ge

d
iscs),

(Israelian
et

al.
2004,

green
’+

’),
(S
p
ite

et
al.

2005,
b
lack

d
iam

on
d
s),

(N
ieva

&
P
rzyb

illa
2012,

b
lu
e
d
iscs)
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4.4.3.
N
eon

an
d
A
rgon

T
h
e
n
ob

le
gases

n
eon

an
d
argon

are
n
ot

n
orm

ally
d
etected

in
th
e
solar

sp
ectru

m
,
so

w
e
n
eed

to
seek

oth
er

w
ays

of
d
eterm

in
in
g
h
ow

th
ey

scale.
T
h
e
N
eon

ab
u
n
d
an

ce
h
as

b
een

m
easu

red
in

B
star

atm
osp

h
eres

by
M
orel

&
B
u
tler

(2008)
an

d
N
ieva

&
P
rzyb

illa
(2012),

w
h
o
p
rop

ose
valu

es
of

7.97±
0.07

an
d
8.09±

0.05
on

th
e
12

+
log(X

/H
)
scale,

resp
ectively.

A
s
th
e
latter

grou
p
u
sed

a
revised

atom
ic

d
ata

set
an

d
ap

p
lied

a
m
ore

rigorou
s
an

alysis,
w
e
h
ave

ad
op

ted
th
e
N
ieva

&
P
rzyb

illa
(2012)

n
eon

valu
es

for
th
e
G
alactic

C
on

cord
an

ce
set.

W
e
ad

op
t
th
e
solar

valu
es

for
argon

,
d
erived

from
S
cott

et
al.

(2015a,b
);
G
revesse

et
al.

(2015).

B
oth

n
eon

an
d
argon

are
read

ily
d
etected

in
th
e
sp
ectra

of
H
ii
region

s,
an

d
as

↵
-elem

ents,
w
e
can

u
se

oxygen
scalin

g
w
ith

iron
as

a
gu

id
e.

F
igu

re
5
p
resents

p
lots

of
log(N

e/O
)
an

d
log(A

r/O
)
vs

12+
log(O

/H
)

taken
from

several
n
eb
u
lar

sou
rces.

T
h
e
red

circles
in
d
icate

th
e
galactic

con
cord

an
ce

fi
d
u
cial

valu
es.

N
ote

th
at

th
ese

in
d
icate

th
e
total

ab
u
n
d
an

ces,
w
h
ereas

th
e
n
eb
u
lar

d
ata

on
ly

record
th
e
gas

p
h
ase

ab
u
n
d
an

ces,
m
akin

g
n
o
allow

an
ce

for
th
e
d
u
st

d
ep
letion

,
w
h
ich

is
likely

to
b
e
variab

le
an

d
is

n
ot

w
ell

kn
ow

n
.

It
is

u
n
likely

th
at

any
n
eon

or
argon

is
d
ep
leted

into
d
u
st,

as
in
d
icated

by
th
e
very

low
ab

u
n
d
an

ces
in

ch
on

d
ritic

m
eteorites

(L
od

d
ers

2003;
L
od

d
ers

et
al.

2009).
In

F
igu

re
5,

error
b
ars

h
ave

b
een

in
clu

d
ed

to
illu

strate
th
at

con
stant

lin
ear

fi
ts

are
w
arranted

in
b
oth

cases.
B
ecau

se
th
e
n
eb

u
lar

d
ata

d
o
n
ot

allow
for

d
u
st

d
ep
letion

,
th
e
total

(d
u
st

an
d
gas

p
h
ase)

oxygen
is

greater
th
an

th
e
p
lotted

n
eb

u
lar

p
oints

in
d
icate,

an
d
on

e
w
ou

ld
exp

ect
th
e
G
C

origin
p
oints

to
b
e
b
elow

th
e
lin

ear
fi
ts.

T
h
e
G
C

fi
d
u
cial

valu
e
for

n
eon

from
th
e
B

star
d
ata

(N
ieva

&
P
rzyb

illa
2012)

is
ab

ove
th
e
fi
t
lin

e,
w
h
ereas

d
u
st

d
ep

letion
of

oxygen
w
ou

ld
su
ggest

it
sh
ou

ld
b
e

b
elow

.
T
h
e
sizes

of
th
e
error

b
ars

d
o
n
ot

allow
u
s
to

d
raw

any
con

clu
sion

,
so

for
con

sisten
cy

w
e
h
ave

retain
ed

th
e
B

star
valu

e.
F
or

argon
w
e
h
ave

ad
op

ted
th
e
m
ost

recent
solar

valu
e
(see

T
ab

le
3).

B
oth

valu
es

m
ay

n
eed

to
b
e
ad

ju
sted

in
th
e
light

of
p
lan

n
ed

m
od

ellin
g
of

p
articu

lar
H
ii
region

s
in

th
e
M
agellan

ic
C
lou

d
s,
th
e

su
b
ject

of
forth

com
in
g
p
ap

ers.

4.4.4.
C
hlorin

e

S
olar

p
h
otosp

h
eric

ab
u
n
d
an

ces
of

ch
lorin

e
can

on
ly

b
e
m
easu

red
(in

d
irectly)

in
su
n
sp
ots

from
th
e
H
C
l

ab
u
n
d
an

ces
(A

sp
lu
n
d
et

al.
2009,

an
d
referen

ces
th
erein

).
T
h
e
solar

valu
es

for
ch
lorin

e
from

A
sp
lu
n
d
et

al.
(2009)

d
ate

b
ack

w
ith

m
in
or

variation
s
to

su
n
sp
ot

m
easu

rem
ents,

ca.
1970.

H
ow

ever,
gas-p

h
ase

ab
u
n
d
an

ces
of

ch
lorin

e
h
ave

b
een

m
easu

red
from

h
igh

resolu
tion

n
eb

u
lar

sp
ectra

(e.g.,
G
arćıa-R

o
jas

&
E
steb

an
2007).

R
ecently,

E
steb

an
et

al.
(2015)

p
resented

revised
valu

es
for

n
eb

u
lar

ch
lorin

e
as

it
scales

w
ith

oxygen
in

M
ilky

W
ay

H
ii

region
s.

F
igu

re
6
sh
ow

s
log(C

l/O
)
vs

12+
log(O

/H
)

from
M
ilky

W
ay

H
ii

region
s
(E

steb
an

et
al.

2015)
an

d
from

extra-galactic
H
ii

region
s
(Izotov

&
T
hu

an
2004;

Izotov
et

al.
2006).

T
h
e
h
orizontal

d
ash

ed
lin

es
sh
ow

th
e
scalin

g
for

solar
p
h
otosp

h
ere

d
ata

from
A
sp
lu
n
d
et

al.
(2009,

A
G
S
09,

b
lack

d
ash

ed
lin

e)
an

d
m
eteoritic

d
ata

from
L
od

d
ers

et
al.

(2009,
L
P
G
09,

b
lu
e
d
ash

ed
lin

e),
assu

m
in
g
ch
lorin

e
scales

w
ith

oxygen
.
T
h
e
n
eb
u
lar

ab
u
n
d
an

ces
h
ave

n
ot

b
een

corrected
to

total
ab

u
n
d
an

ce
(gas-p

h
ase

p
lu
s
d
u
st),

b
ecau

se
d
u
st

d
ep
letion

for
oxygen

an
d
ch
lorin

e
are

variab
le

an
d

n
ot

w
ell

kn
ow

n
.

C
h
lorin

e
is

likely
to

b
e
d
ep
leted

into
m
od

erately
volatile

com
p
ou

n
d
s
(L

od
d
ers

2003),
an

d
can

react
e�

ciently
w
ith

n
eu

tral
hyd

rogen
to

form
H
+
C
l
com

p
ou

n
d
s
(B

alash
ev

et
al.

2015;
M
oom

ey
et

al.
2012),

so
it
is
likely

th
at

it
w
ill

b
e
som

ew
h
at

d
ep

leted
in

H
ii
region

s.
T
hu

s
th
e
n
eb
u
lar

d
ata

can
n
ot

b
e
u
sed

to
d
efi
n
e

a
gen

eric
valu

e
for

ch
lorin

e
ab

u
n
d
an

ce,
b
u
t
th
ey

d
o
su
ggest

a
b
etter

fi
t
to

th
e
m
eteoritic

d
ata

th
an

th
e
solar

p
h
otosp

h
eric

d
ata

(F
igu

re
6),

alth
ou

gh
L
od

d
ers

(2003)
n
otes

th
at

ch
lorin

e
in

m
eteorites

is
variab

le.
F
or
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th
ese

reason
s,

in
th
e
G
alactic

C
on

cord
an

ce
w
e
ad

op
t
th
e
m
eteoritic

valu
es

for
ch
lorin

e
from

L
od

d
ers

et
al.

(2009).A
lth

ou
gh

th
ey

are
n
ot

p
rom

in
ent,

em
ission

lin
es

of
ch
lorin

e
[C
lii]

an
d
[C
liii]

are
ob

served
in

low
n
oise

H
ii
region

sp
ectra.

C
h
lorin

e
d
oes

n
ot

p
lay

a
sign

ifi
cant

role
in

th
e
th
erm

al
b
alan

ce
of

n
eb
u
lae,

b
u
t
ch
lorin

e
lin

es,
w
h
ere

ob
served

in
n
eb

u
lae,

can
b
e
a
u
sefu

l
d
en

sity
d
iagn

ostic
an

d
th
e
referen

ce
ab

u
n
d
an

ce
m
ay

w
arrant

revision
w
h
en

b
etter

d
ata

is
availab

le.

4.4.5.
S
uper-solar

m
etallicity

stars

S
om

e
stellar

d
ata

is
availab

le
for

Z
>

1.0,
for

exam
p
le,

T
revisan

et
al.

(2011)
an

d
th
e
m
assive

op
en

clu
ster

N
G
C
6791

(G
eisler

et
al.

2012).
H
ow

ever,
som

e
of

th
e
d
ata

are
from

old
,
very

m
etal-rich

galactic
d
isk

stars,
w
h
ich

h
ave

u
n
d
ergon

e
su
b
stantial

evolu
tion

an
d
exh

ib
it

p
h
otosp

h
eric

en
rich

m
ent.

T
h
e
d
ata

d
o
n
ot

p
rovid

e
a
u
sefu

l
m
od

el
for

ab
u
n
d
an

ce
scalin

g,
b
u
t
d
o
su
ggest,

h
ow

ever,
th
at

th
e
secon

d
b
reak

p
oint

in
th
e

p
iece-w

ise
lin

ear
fi
t
m
ight

b
e
at

a
valu

e
of

[F
e/H

]
>

0.5,
so

th
is
p
aram

eter
m
ay

n
eed

revisin
g
w
h
en

d
ata

for
m
etal-rich

m
ain

sequ
en

ce
stars

b
ecom

es
availab

le.

S
om

e
elem

ents
(e.g.,

N
a,

S
c,

V
,
C
o
an

d
N
i,

see
A
p
p
en
d
ix

A
)
ap

p
ear

to
exh

ib
it

a
slight

u
p
tu
rn

for
[F
e/H

]
>

0.
W
e
h
ave

n
ot

attem
p
ted

to
m
od

el
th
is

b
eh

aviou
r
for

tw
o
reason

s.
M
ost

im
p
ortant

is
th
at

n
on

e
of

th
ese

elem
ents

p
lays

a
m
a
jor

role
in

n
eb
u
lar

th
erm

al
b
alan

ces.
S
econ

d
,
if

th
e
reality

of
th
e
u
p
tu
rn

is
con

fi
rm

ed
w
ith

m
ore

exten
sive

d
ata,

it
w
ill

b
e
p
ossib

le
to

accom
m
od

ate
it
u
sin

g
th
e
�

p
aram

eter
d
escrib

ed
by

E
qu

ation
8,

b
elow

.

4
.5
.

M
in
o
r
n
eb

u
la
r
elem

en
ts

A
p
art

from
th
e
12

elem
ents

con
sid

ered
ab

ove,
th
ere

are
oth

ers
th
at

are
of

m
in
or

im
p
ortan

ce
in

th
e

en
ergy

b
alan

ce
in

H
ii

region
s
an

d
oth

er
em

ission
n
eb
u
lae,

b
u
t
m
ay

b
e
im

p
ortant

in
m
od

ellin
g
stellar

at-
m
osp

h
eres

an
d
evolu

tion
ary

tracks.
T
h
e
ad

op
ted

referen
ce

ab
u
n
d
an

ces
for

th
e
rem

ain
in
g
18

elem
ents

to
Z
n

an
d
th
eir

sou
rces

are
given

in
T
ab

le
1.

T
h
e
stellar

d
ata

an
d
scalin

g
fi
ts

for
th
ese

elem
ents

are
in

A
p
p
en
d
ix

A
.

5
.

T
h
e
n
eb

u
la
r
sca

lin
g
fu
n
ctio

n

5
.1
.

G
en

era
l
a
p
p
ro

a
ch

T
h
e
exten

sive
stellar

d
ata

d
em

on
strate

th
at

d
i↵
erent

p
op

u
lation

s
of

stars
in

th
e
M
ilky

W
ay

(an
d
oth

er
galaxies)

are
p
resent

th
at

d
i↵
er

som
ew

h
at

in
th
eir

scalin
g
b
eh

aviou
r
w
ith

[F
e].

T
h
e
ob

jective
of

th
is
w
ork

is
to

p
rop

ose
a
series

of
lin

ear
fi
ts

to
th
e
b
u
lk

M
W

stellar
tren

d
s
as

a
fi
rst

ord
er

ap
p
roxim

ation
,
rath

er
th
an

to
attem

p
t
d
i↵
erent

fi
ts

for
sp
ecifi

c
p
op

u
lation

s.
T
h
e
latter

is
p
ossib

le,
b
u
t
for

th
e
p
rim

ary
p
u
rp
ose

of
th
is

w
ork.

P
iece-w

ise
lin

ear
fi
ts

to
th
e
b
u
lk

tren
d
s
are

ap
p
rop

riate
to

d
escrib

e
th
e
scalin

g
relation

s.
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7.00
7.50

8.00
8.50

9.00

-2.5

-2.0

-1.5

-1.0

-0.5

12+log(O
/H

) (gas phase)

log(Ar/O) log(Ne/O) (gas phase)

Ar N
e

N
e

N
e

F
ig.

5.—
S
calin

g
of

N
e
an

d
A
r
vs.

oxygen
from

n
eb
u
lar

sp
ectra

(th
e
red

circles
in
d
icate

th
e

G
C

fi
d
u
cial

valu
es).

S
ou

rces:
(van

Z
ee

et
al.

1998,
squ

ares),
(Izotov

&
T
hu

an
1999,

circles),

(van
Z
ee

&
H
ayn

es
2006,

d
iam

on
d
s),

(B
erg

et
al.

2013,
fi
lled

squ
ares)

7.50
8.00

8.50

-4.0

-3.5

-3.0

-2.5

12+log(O
/H

) (gas phase)

log(Cl/O) (gas phase)

AG
S09

LPG
09

C
l

F
ig.

6.—
N
eb
u
lar

ch
lorin

e
vs

oxygen
:
th
e
d
ash

ed
lin

es
are

from
A
sp
lu
n
d

et
al.

(2009)

(A
G
S
09,

b
lack

lin
e,

solar)
an

d
L
od

d
ers

et
al.

(2009)
(L
P
G
09,

b
lu
e
lin

e,
m
eteoritic).

T
h
e

circles
are

gas-p
h
ase

M
ilky

W
ay

n
eb
u
lar

d
ata

from
E
steb

an
et

al.
(2015).

T
h
e
d
ots

are
from

gas-p
h
ase

n
eb
u
lar

d
ata

from
Izotov

&
T
hu

an
(2004)

(b
lu
e,

B
lu
e
C
om

p
act

G
alaxies)

an
d

Izotov
et

al.
(2006)

(b
lack,

m
etal

p
oor

em
ission

lin
e
galaxies).
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5
.2
.

S
im

p
le

fi
ts

to
th

e
o
b
serv

ed
stella

r
a
b
u
n
d
a
n
ce

sca
lin

g

T
o
m
od

el
th
is
b
eh
aviou

r,
w
e
ad

op
t
sim

p
le

p
iece-w

ise
lin

ear
fi
ts,

as
sh
ow

n
by

th
e
red

lin
es

in
th
e
stellar

d
ata

p
lots.

F
or

th
e
b
u
lk

tren
d
s,

th
ese

n
eed

on
ly

b
e
fi
t
by

eye,
as

a
�
-squ

are
or

least-squ
ares

fi
t
is

n
ot

w
arranted

for
ou

r
p
u
rp
oses,

an
d
th
e
statistical

variab
ility

of
th
e
d
ata

p
oints

m
ay

n
ot

b
e
G
au

ssian
,
ren

d
erin

g

su
ch

fi
ts

in
ap

p
rop

riate.
H
ow

ever,
F
igu

re
2
(left

p
an

el)
sh
ow

s
a
least

squ
ares

fi
t,
w
h
ich

is
close

to
th
e
ad

op
ted

fi
t
an

d
w
ell

w
ith

in
th
e
scatter

of
th
e
d
ata.

W
h
ile

th
e
real

b
eh

aviou
r
cou

ld
exh

ib
it

cu
rved

b
reakp

oints,
th
e

intrin
sic

scatter
in

th
e
d
ata

(an
d
th
e
m
easu

rem
ent

u
n
certainties,

n
ot

sh
ow

n
for

clarity)
d
o
n
ot

w
arrant

a

m
ore

com
p
lex

m
od

el.
T
h
is
m
od

el
h
as

th
e
ad

d
ition

al
b
en

efi
t
of

com
p
u
tation

al
sim

p
licity.

T
h
e
stan

d
ard

(G
C
)

m
etallicity

(w
h
ich

w
e
refer

to
su
b
sequ

ently
as

th
e
“fi

d
u
cial

p
oint”)

is
m
arked

w
ith

a
yellow

circle
in

F
igu

re

2
an

d
su
b
sequ

ent
p
lots.

T
h
e
p
iecew

ise
lin

ear
fi
t
for

oxygen
m
ay

b
e
exp

ressed
as:

[O
/F

e]
=

+
0.50

,
�
2.5

<
[F
e/H

]
<

�
1.0

,

=
�
0.5

⇥
[F
e/H

]
,
�
1.0

<
[F
e/H

]
<

0.5
,

=
�
0.25

,
[F
e/H

]
>

0.5
.

(5)

T
h
e
in
itial

0.5
factor

is
ch
aracteristic

of
th
e
in
itial

O
/F

e
yield

in
m
assive

early
stars.

S
im

ilar
factors

ap
p
ly

to
oth

er
↵
-elem

ents,
b
u
t
w
ith

d
i↵
erent

valu
es.

W
e
call

th
is

factor
⌅

an
d
as

th
e
scalin

g
is

relative
to

iron
,
w
e
ap

p
en
d
th
e
F
e
su
�
x:

⌅
F
e .

F
or

oxygen
on

th
e
iron

scale
th
e
factor

is
⌅
F
e (O

),
for

m
agn

esiu
m
,

⌅
F
e (M

g),
etc.

A
s
th
e
↵
-elem

ents,
to

a
good

ap
p
roxim

ation
,
sh
are

th
e
sam

e
b
reak

p
oints,

E
qu

ation
5
can

b
e
gen

eralised

to
d
escrib

e
iron

-b
ased

scalin
g
for

any
elem

ent
X

w
ith

th
e
sam

e
b
reakp

oints:

[X
/F

e]
=

+
⌅
F
e (X

)
,
�
2.5

<
[F
e/H

]
<

�
1.0

,

=
�
⌅
F
e (X

)⇥
[F
e/H

]
,
�
1.0

<
[F
e/H

]
<

0.5
,

=
�
⌅
F
e (X

)⇥
0.5

,
[F
e/H

]
>

0.5
.

(6)

B
elow

[F
e/H

]
=
-2.5

th
e
stellar

d
ata

are
too

sp
arse

to
w
arrant

a
fi
t.

O
u
r
aim

h
ere

is
to

estab
lish

gen
eral

fi
ts

as
th
e
b
asis

for
im

p
roved

ab
u
n
d
an

ce
scalin

g
in

p
h
otoion

isation
m
od

els,
recogn

isin
g
th
at

th
e
d
etailed

ab
u
n
d
an

ce
b
eh
aviou

r
m
ay

b
e
som

ew
h
at

m
ore

com
p
lex,

an
d
/or

variab
le.

T
h
e
intrin

sic
sp
read

of
th
e
d
ata

in
all

th
e
grap

h
s
p
rovid

es
an

estim
ate

of
th
e
errors

in
th
e
⌅
p
aram

eters
d
erived

for
each

elem
ent,

ap
p
roxim

ately
±
20%

.

5
.3
.

S
ep

a
ra

tin
g
th

e
co

m
p
o
n
en

ts

In
section

2.4
w
e
introd

u
ced

th
e
scalin

g
p
aram

eter
⇣
(referred

to
th
e
ch
osen

scalin
g
b
ase

elem
ent,

u
su
ally

iron
or

oxygen
),

an
d
th
e
G
alactic

C
on

cord
an

ce
referen

ce
ab

u
n
d
an

ce
set.

T
o
d
escrib

e
th
e
scalin

g
of

in
d
ivid

u
al

elem
ents,

takin
g
into

accou
nt

th
eir

d
i↵
erent

scalin
g
b
eh

aviou
rs,

w
e
u
se

a
gen

eral
exp

ression
to

sep
arate

th
e
sp
ecifi

c
b
eh
aviou

r
of

each
elem

ent
from

th
e
fi
d
u
cial

valu
e
an

d
th
e
scalin

g
p
aram

eter.



–
22

–

W
e
introd

u
ce

th
e
p
aram

eter
�

(d
ex)

to
d
escrib

e
in
d
ivid

u
al

elem
ent

b
eh

aviou
rs.

�
en

com
p
asses

th
e

evolu
tion

ary
d
etails,

i.e.,
th
e
w
ay

th
e
ab

u
n
d
an

ce
of

an
elem

ent
scales

w
ith

⇣
in

th
e
scalin

g
b
ase

ch
osen

,
for

exam
p
le,

F
e:

log(X
/H

)
=

log(X
/H

)
0
+
�

F
e (X

)
+
log

⇣
F
e

(7)

w
h
ere

th
e
zero

su
�
x
refers

to
th
e
fi
d
u
cial

valu
e
for

th
e
elem

ent
X
.
F
or

sim
p
le

scalin
g,

�
=

0.
F
or

p
iecew

ise

lin
ear

iron
-b
ase

scalin
g,

su
ch

as
th
e
↵
-elem

ents
exh

ib
it

(E
qu

ation
6),

w
ith

a
low

ab
u
n
d
an

ce
ratio

⌅
F
e
an

d

ab
u
n
d
an

ce
b
reak

p
oints

�
0
an

d
�
1
(d
ex),

�
F
e
for

a
given

elem
ent

X
is

a
fu
n
ction

of
⇣
F
e ,

⌅
F
e ,

�
0 ,

an
d
�
1 :

�
F
e (X

,⇣
F
e )

=
⌅
F
e (X

)
=

con
st.

,
log

⇣
F
e
<

�
0
,

=
⌅
F
e (X

)

�
0

⇥
log

⇣
F
e
,
�
0
<

log
⇣
F
e
<

�
1
,

=
⌅
F
e (X

)

�
0

⇥
�
1
=

con
st.

,
log

⇣
F
e
>

�
1
.

(8)

T
h
e
secon

d
p
art

of
th
e
fi
t
p
asses

th
rou

gh
[F
e/H

]
=

0
at

log(⇣
F
e )

=
0.

W
h
ile

it
w
ou

ld
b
e
p
ossib

le
to

fi
t

a
m
ore

com
p
lex

fu
n
ction

,
given

th
e
u
n
certainties

in
th
e
d
ata,

a
h
igh

ord
er

fu
n
ction

for
�

is
n
ot

w
arranted

.

H
ow

ever,
n
itrogen

is
n
ot

w
ell

d
escrib

ed
by

a
sim

p
le

p
iecew

ise
lin

ear
fi
t,

b
ecau

se
of

th
e
com

p
lexities

of
p
rim

ary
an

d
secon

d
ary

en
rich

m
ent

(F
igu

re
4,

right
p
an

el,
an

d
E
qu

ation
4).

T
h
is
case

illu
strates

h
ow

�
can

b
e
gen

eralised
to

m
ore

com
p
lex

form
s,

u
sin

g
oxygen

as
th
e
scalin

g
b
ase:

�
O
(N

,⇣
O
)
=

log �10
�
0
.7
6
4
+
10

lo
g
⇣
O
�
0
.0
8
2 �

(9)

E
qu

ation
8
d
em

on
strates

an
im

p
ortant

asp
ect

of
ab

u
n
d
an

ce
scalin

g.
A
s
F
e
scales,

for
exam

p
le,

at
low

F
e/H

valu
es,

oxygen
is

en
h
an

ced
con

sid
erab

ly:

log(O
/H

)
=

log(O
/H

)
O
+
�
(O

,⇣
F
e )

+
log

⇣
F
e

(10)

w
h
ere

⇣
F
e
is

lin
ear

in
F
e
en
rich

m
ent

an
d
�

=
⌅
F
e (O

),
or

⇠
+
0.5

d
ex

at
low

F
e/H

.
In

oth
er

w
ord

s,
th
e
w
ell

kn
ow

n
en
h
an

cem
ent

of
oxygen

relative
to

iron
at

low
m
etallicity

is
exp

ressed
exp

licitly.

5
.4
.

C
h
a
n
g
in
g
sca

les

U
sin

g
th
is
system

it
is
easy

to
convert

from
on

e
⇣
scale

to
an

oth
er,

for
exam

p
le,

to
u
se

oxygen
scalin

g,
allow

in
g
iron

to
b
e
d
ep
leted

at
low

oxygen
en
rich

m
ents,

w
e
h
ave:

log
⇣
O
=

�
(O

,⇣
F
e )

+
log

⇣
F
e

(11)

w
h
ere

�
is
th
e
sam

e
fu
n
ction

u
sed

for
F
e
scalin

g.
T
h
e
b
reak

p
oints

�
0
,1

h
ave

d
i↵
erent

valu
es

on
th
e
⇣
O
an

d
⇣
F
e
scales,

b
u
t
can

b
e
converted

sim
p
ly

from
on

e
scale

to
th
e
oth

er.

If
a
d
i↵
erent

scalin
g
for

elem
ent

Y
is

requ
ired

,
th
e
⌅
X

of
all

elem
ents

(Z
)
are

converted
to

Y
sim

p
ly

via:
⌅
Y
(Z

)
=

⌅
X
(Z

)�
⌅
X
(Y

)
(12)
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N
ote

⌅
(X

)
X

⌘
0,

so
⌅
(X

)
Y
=

�
⌅
(Y

)
X

an
d
th
e
b
reak

p
oints

(in
d
ex)

by:

�
0 (Y

)
=

�
0 (X

)
+
⌅
X
(Y

)
(13)

an
d

�
1 (Y

)
=

�
0 (Y

)⇥
�
1 (X

)/�
0 (Y

)
(14)

an
d
th
en

th
e
⇣
Y

an
d
�

Y
p
aram

eters
for

th
e
n
ew

elem
ent

are
availab

le.

5
.5
.

G
ra

p
h
ica

l
illu

stra
tio

n

F
igu

re
7
illu

strates
equ

ation
s
7-14

grap
h
ically.

T
h
e
u
p
p
er

p
an

el
sh
ow

s
[X

/F
e]

vs
log

⇣
F
e
(b
lu
e
lin

es,
w
h
ere

X
=

F
e
an

d
O
)
an

d
[X

/O
]
vs

log
⇣
O

(b
lack

lin
es,

w
h
ere

X
=

F
e
an

d
O
).

T
h
e
sh
orter

d
ash

es
in
d
icate

w
h
ere

th
e
fi
t
is

n
ot

reliab
ly

b
ased

on
stellar

d
ata,

th
e
lon

ger
d
ash

es
are

th
e
assu

m
ed

b
eh
aviou

r,
w
ith

ou
t

stellar
evid

en
ce.

T
h
e
low

er
p
an

el
p
resents

sim
ilar

d
ata

for
m
agn

esiu
m
,
sh
ow

in
g
h
ow

th
e
scalin

g
ch
an

ges
w
h
en

th
e
scale

b
ase

elem
ent

is
ch
an

ged
.
N
ote

th
at

for
th
e
x-axes,

log
⇣
O
⌘

log(O
/H

)�
log(O

/H
)
fi
d
u
cia

l ⌘
[O

/H
]

(15)

an
d

log
⇣
F
e ⌘

log(F
e/H

)�
log(F

e/H
)
fi
d
u
cia

l ⌘
[F

e/H
].

(16)

T
h
e
grey

sh
ad

ed
areas

illu
strate

th
e
d
i↵
erent

valu
es

of
th
e
b
reak

p
oints

b
etw

een
F
e
an

d
O
.

F
igu

re
8
sh
ow

s
p
lots

of
[X

/H
]
vs

log(⇣
F
e )

for
iron

,
oxygen

an
d
m
agn

esiu
m

(X
)
(u
p
p
er

p
an

el),
an

d
[X

/H
]

vs
log(⇣

F
e ).

T
h
e
b
eh
aviou

r
of

th
e
d
i↵
erent

scalin
gs

is
m
u
ch

easier
to

u
n
d
erstan

d
in

F
igu

re
7,

an
d
is

w
hy

w
e

h
ave

u
sed

th
is

ap
p
roach

in
F
igu

res
2-13

an
d
9.

5
.6
.

S
u
m
m
a
ry

o
f
sca

lin
g
p
a
ra

m
eters

T
ab

le
2
su
m
m
arises

th
e
scalin

g
p
aram

eters
for

M
ilky

W
ay

stellar
ab

u
n
d
an

ces
for

hyd
rogen

to
zin

c,
w
ith

th
e
low

m
etallicity

level
⌅
an

d
th
e
b
reak

p
oints

�
0
an

d
�
1
exp

ressed
in

th
e
F
e
b
ase

scale,
an

d
also

converted
to

th
e
oxygen

b
ase

scale.
T
h
e
fi
d
u
cial

scale
log(X

/H
)
0
is

in
clu

d
ed

from
T
ab

le
1,

less
th
e
12

factor.
F
or

th
e
↵
an

d
↵
-like

elem
ents,

⌅
F
e
an

d
th
e
tw

o
b
reak

p
oints

are
d
erived

from
th
e
ob

served
stellar

ab
u
n
d
an

ces.
F
or

iron
-p
eak

an
d
iron

-p
eak-like

elem
ents,

⌅
F
e (X

)
=

0.
B
ecau

se
of

th
e
scatter

on
th
e
stellar

valu
es

an
d

d
i↵
eren

ces
b
etw

een
stellar

p
op

u
lation

s,
p
recise

fi
ttin

g
of

th
e
m
od

el
is

n
ot

p
ossib

le.

F
or

F
,
C
l,

N
e
an

d
A
r,

th
ere

are
n
o
exten

sive
stellar

ab
u
n
d
an

ce
scalin

g
d
ata

an
d

w
e
assu

m
e
th
eir

ab
u
n
d
an

ces
scale

w
ith

oxygen
,
so

th
e
⌅
F
e
valu

es
are

th
at

of
oxygen

.
T
h
e
ab

u
n
d
an

ce
d
ata

for
L
i,
B
e,

B
are

taken
from

m
eteoritic

valu
es

an
d
w
e
h
ave

little
in
form

ation
on

h
ow

th
ey

scale.
A
s
th
ey

d
o
n
ot

p
lay

a
m
a
jor

role
in

n
eb
u
lar

p
hysics,

th
ey

can
safely

b
e
ign

ored
h
ere.

C
arb

on
can

b
e
scaled

equ
ally

w
ell

to
iron

w
ith

a
low

valu
e
of

⌅
F
e
or

to
th
e
p
rim

ary/secon
d
ary

cu
rve

fi
t,

given
th
e
sp
read

in
th
e
d
ata,

so
th
e
form

er
w
as

ch
osen

for
sim

p
licity

of
com

p
u
tation

.
F
or

n
itrogen

w
e
h
ave

u
sed

th
e
p
rim

ary/secon
d
ary

fi
t
cu
rve,

scaled
w
ith

oxygen
.

T
h
e
d
ata

in
T
ab

le
2
are

inten
d
ed

as
a
gen

eral
gu

id
e
to

h
ow

typ
ical

M
ilky

W
ay

th
ick

d
isk

stellar
ab

u
n
d
an

ces
scale.

P
recision

is
n
ot

p
ossib

le
from

th
e
availab

le
d
ata,

an
d
it
is

likely
th
at

for
any

elem
ent,

n
o
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F
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U
p
p
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p
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P
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F
e
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e
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X

=
F
e
an

d
O
)
an

d
[X

/O
]
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log
⇣
O
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es,

X
=

F
e
an

d
O
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L
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p
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P
lots
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⇣
F
e
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d
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]
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⇣
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F
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8.—
U
p
p
er

p
an

el:
P
lots

of
[X

/H
]
vs

log⇣
O
for

iron
,
oxygen

an
d
m
agn

esiu
m

(X
).
L
ow

er

p
an

el:
vs

log
⇣
F
e
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T
ab

le
2:

S
calin

g
p
aram

eters
⌅
F
e
an

d
⌅
O
for

M
ilky

W
ay

stars,
w
ith

u
p
p
er

an
d
low

er
b
reak

p
oints.

F
or

n
itrogen

th
e
b
eh
aviou

r
is
n
ot

w
elld

escrib
ed

by
th
e
p
iecew

ise
lin

ear
fi
t
m
od

el,
b
u
t

a
valu

e
can

b
e
ascrib

ed
to

⌅
an

d
th
e
p
rim

ary/secon
d
ary

scalin
g
sp
ecifi

ed
by

th
e
�

p
aram

eter

(E
qu

ation
s
8
an

d
9).

C
arb

on
can

b
e
su
�
ciently

w
ell

d
escrib

ed
by

th
e
p
iecew

ise
lin

ear
fi
t
an

d

a
sin

gle
⌅
valu

e.
T
h
e
elem

ents
H
,
H
e,

L
i,
B
e
an

d
B

are
n
ot

d
escrib

ed
by

th
e
⌅
p
aram

eter,

b
ecau

se
hyd

rogen
is

th
e
referen

ce
elem

ent,
w
e
assu

m
e
h
eliu

m
scales

sim
p
ly

w
ith

⇣
O

an
d

L
i
-
B

are
n
ot

im
p
ortant

in
n
eb
u
lar

an
alysis,

as
w
ell

as
h
avin

g
very

low
ab

u
n
d
an

ce.
F
or

conven
ien

ce
th
e
’fi
d
u
cial’

valu
e
of

log(X
/H

)
is

rep
eated

from
T
ab

le
1,

w
ith

ou
t
th
e
ad

d
ition

of
12.

Z
X

⌅
F
e (X

)
⌅
O
(X

)
log(X

/H
)
0

u
pper

break
-1.0

-0.5

low
er

break
0.50

0.25

1
H

-
-

0.000

2
H
e

-
-

-1.010

3
L
i

-
-

-8.722

4
B
e

-
-

-10.680

5
B

-
-

-9.193

6
C

0.063
-0.437

-3.577

7
N

(-0.264)
(-0.764)

-4.210

8
O

0.500
0.000

-3.240

9
F

0.500
0.000

-7.560

10
N
e

0.500
0.000

-3.910

11
N
a

0.200
-0.300

-5.790

12
M
g

0.400
-0.100

-4.440

13
A
l

0.400
-0.100

-5.570

14
S
i

0.400
-0.100

-4.500

15
P

0.000
-0.500

-6.590

16
S

0.400
-0.100

-4.880

17
C
l

0.500
0.000

-6.750

18
A
r

0.500
0.000

-5.600

19
K

0.400
-0.100

-6.960

20
C
a

0.350
-0.150

-5.680

21
S
c

0.250
-0.250

-8.840

22
T
i

0.350
-0.150

-7.070

23
V

0.000
-0.500

-8.110

24
C
r

0.000
-0.500

-6.380

25
M
n

0.000
-0.500

-6.580

26
F
e

0.000
-0.500

-4.480

27
C
o

0.000
-0.500

-7.070

28
N
i

0.000
-0.500

-5.800

29
C
u

0.000
-0.500

-7.820

30
Z
n

0.200
-0.300

-7.440
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on
e
sin

gle
valu

e
of⌅

ap
p
lies

to
allstellar

p
op

u
lation

s
sam

p
led

.
A
s
n
oted

,carb
on

also
h
as

a
p
rim

ary/secon
d
ary

grow
th

cu
rve

(F
igu

re
4,

left
p
an

el),
b
u
t
given

th
e
ob

servation
al

u
n
certainties,

ab
u
n
d
an

ces
can

b
e
su
�
ciently

w
elld

escrib
ed

by
th
e
p
iecew

ise
lin

ear
fi
t
an

d
a
sin

gle
⌅
valu

e.
W
e
u
se

th
e
scalin

g
d
escrib

ed
by

th
ese

“average”
⌅
valu

es
as

th
e
b
asis

for
n
eb

u
lar

scalin
g
in

th
e
M
ilky

W
ay

an
d
sim

ilar
galaxies,

to
rep

lace
th
e
sim

p
le

scalin
g

p
reviou

sly
assu

m
ed
.

5
.7
.

W
eb

a
b
u
n
d
a
n
ce

ca
lcu

la
to
r

A
n
on

lin
e
w
eb

ap
p
lication

h
as

b
een

im
p
lem

ented
th
at

allow
s
all

of
th
e
ab

ove
scalin

g
calcu

lation
s
to

b
e

com
p
u
ted

:
h
t
t
p
:
/
/
m
i
o
c
e
n
e
.
a
n
u
.
e
d
u
.
a
u
/
m
a
p
p
i
n
g
s
/
a
b
u
n
d.

T
h
is

p
ap

er
p
rovid

es
th
e
b
ackgrou

n
d
n
ecessary

to
u
se

th
at

ap
p
lication

.

5
.8
.

S
ca

lin
g
in

o
th

er
g
a
la
x
ies

A
ll
th
e
stellar

d
ata

con
sid

ered
so

far
h
ave

b
een

d
erived

from
M
ilky

W
ay

stars.
T
h
e
sp
ectra

of
in
d
ivid

-
u
al

giant
stars

can
also

b
e
m
easu

red
for

n
earby

galaxies,
for

exam
p
le

th
e
L
arge

M
agellan

ic
C
lou

d
(L

M
C
)

(P
om

p
éia

et
al.

2008;
V
an

d
er

S
w
aelm

en
et

al.
2013)

an
d
th
e
S
cu

lp
tor

D
w
arf

E
llip

tical
galaxy

(T
afelm

eyer
et

al.
2010;

G
eisler

et
al.

2005;
K
irby

et
al.

2009).
F
igu

re
9
sh
ow

s
th
e
sam

e
d
ata

for
[M

g/F
e]

vs
[F
e/H

]
as

in
F
igu

re
2
b
u
t
in
clu

d
in
g
d
ata

for
th
e
S
cu

lp
tor

D
w
arf

an
d
th
e
L
M
C

b
ar

an
d
d
isk.

T
h
e
fi
gu

re
sh
ow

s
th
e

S
cu
lp
tor

D
w
arf

(red
circles),

th
e
L
M
C

(b
lu
e
circles)

an
d
th
e
M
ilky

W
ay

(grey
circles).

T
h
e
S
cu
lp
tor

stars
exh

ib
it
sam

e
b
eh

aviou
r
as

th
e
M
ilky

W
ay

stars,
b
u
t
w
ith

a
low

er
[F
e/H

]
b
reakp

oint
an

d
steep

er
d
rop

.
T
h
is

is
to

b
e
exp

ected
,
as

th
ere

w
ou

ld
h
ave

b
een

few
er

core-collap
se

su
p
ern

ovae
in

th
e
S
cu
lp
tor

D
w
arf

b
efore

th
e

T
yp

e
1a

su
p
ern

ovae
started

en
rich

in
g
iron

,
com

p
ared

to
th
e
M
ilky

W
ay.

T
h
e
L
M
C

stars
also

exh
ib
it
a
low

er
b
reak

p
oint

th
an

th
e
M
ilky

W
ay,

d
u
e
to

lesser
contrib

u
tion

s
to

th
e
m
etallicity

from
core-collap

se
su
p
ern

ovae,
as

su
ggested

by
V
an

d
er

S
w
aelm

en
et

al.
(2013).

T
h
e
L
M
C

ap
p
ears

to
h
ave

tw
o
p
op

u
lation

s
as

som
e
stars

h
ave

ab
u
n
d
an

ce
ratios

sim
ilar

to
th
e
M
ilky

W
ay

stars,
w
h
ile

oth
ers

ap
p
ear

to
b
e
interm

ed
iate

b
etw

een
th
e

M
ilky

W
ay

an
d
S
cu

lp
tor.

T
h
e
p
iecew

ise
lin

ear
fi
t
lin

es
are

ch
osen

by
eye

to
illu

strate
th
e
tren

d
s.

T
h
e
scalin

g
b
eh
aviou

r
in

each
galaxy

is
sim

ilar
in

form
,
su
ggestin

g
a
u
n
iversal

p
rocess,

b
u
t
on

e
w
h
ere

th
e
b
reak

p
oint

an
d
“zero

p
oint”

d
ep

en
d
on

th
e
galaxy,

as
d
escrib

ed
by

W
yse

&
G
ilm

ore
(1993).

S
tars

in
th
e
F
orn

ax
D
w
arf

b
eh
ave

sim
ilarly

to
th
e
S
cu
lp
tor

D
w
arf

(T
afelm

eyer
et

al.
2010),

b
u
t
h
ave

b
een

om
itted

for
clarity.

W
e
can

d
raw

an
im

p
ortant

con
clu

sion
from

th
is.

W
h
ile

th
e
p
iece-w

ise
lin

ear
scalin

g
of

↵
-elem

ents
w
ith

F
e
ap

p
ears

to
b
e
a
u
n
iversal

p
rocess,

th
e
b
reak

p
oint

d
ep

en
d
s
on

th
e
star

form
ation

h
istory

(W
yse

&
G
ilm

ore
1993)

an
d
thu

s
on

th
e
galaxy

m
ass.

W
h
ere

th
e
star

form
ation

h
istory

of
larger

galaxies
is
sim

ilar
to

th
at

of
th
e
M
ilky

W
ay,

th
e
ab

u
n
d
an

ce
scalin

g
for

th
ese

galaxies
can

b
e
assu

m
ed

to
follow

th
e
scalin

g
fi
ts

d
erived

for
th
e
M
ilky

W
ay.

H
ow

ever,
K
u
d
ritzki

et
al.

(2015)
fou

n
d
th
ree

d
istin

ct
grou

p
s
of

star
form

in
g
galaxies

in
th
e
local

region
.
M
od

ellin
g
th
ese

grou
p
s
m
ay

requ
ire

m
od

ifi
cation

to
th
e
b
reak

p
oints,

b
u
t
th
is

m
u
st

aw
ait

ob
servation

s
of

ap
p
rop

riate
stellar

p
op

u
lation

s
an

d
th
eir

ab
u
n
d
an

ces.
It

is
p
ossib

le
th
at

carefu
l
fi
ttin

g
of

th
e

ab
u
n
d
an

ce
b
eh

aviou
r
of

th
e
d
i↵
erent

p
op

u
lation

s
in

th
e
M
ilky

W
ay

m
ay

cast
light

on
th
e
variab

ility
of

th
e

fi
t
p
aram

eters
in

oth
er

galaxies.
M
od

ellin
g
th
e
ab

u
n
d
an

ce
b
eh

aviou
r
of

sm
all

d
w
arf

galaxies
is

also
likely

to
requ

ire
d
i↵
erent

scalin
g
th
an

for
th
e
larger

sp
irals.

C
alib

ratin
g
th
e
b
reak

p
oint

to
star

form
ation

h
istory

m
ight

p
rovid

e
u
sefu

l
in
form

ation
.

T
h
e
d
ata

in
F
igu

re
9
d
o
n
ot

allow
u
s
to

d
ecid

e
w
h
eth

er
th
ere

is
a
com

m
on

valu
e
for

th
e
low

-m
etallicity
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tren
d
for

th
e
th
ree

ob
jects

in
F
igu

re
9.

A
s
th
e
early

en
rich

m
ent

is
d
u
e
to

core-collap
se

su
p
ern

ovae,
an

d
it

is
p
ossib

le
th
at

th
e
m
assive

star
IM

F
is

invariant
(W

yse
1998;

K
ord

op
atis

et
al.

2015),
on

ce
w
e
h
ave

a
statistically

m
ixed

IS
M
,
th
e
[M

g/F
e]

to
[F
e/H

]
ratio

sh
ou

ld
b
e
con

sistent
b
etw

een
d
i↵
erent

galaxies
at

low
m
etallicities.

C
learly,

m
ore

d
ata

is
requ

ired
to

con
fi
rm

th
is.

In
gen

eral,
h
ow

ever,
th
e
scalin

g
b
eh

aviou
r
follow

s
a
sim

ilar
p
attern

.
A
p
p
rop

riate
fi
ts

to
th
e
p
aram

eters
th
at

sp
ecify

th
e
tren

d
s
(fi
d
u
cial

p
oint,

b
reak

p
oint

an
d

low
m
etallicity

tren
d
level)

w
ill

m
ost

p
rob

ab
ly

d
escrib

e
th
e
scalin

g
in

any
galaxy.

B
etter

ob
servation

al
d
ata

is
requ

ired
to

id
entify

ap
p
rop

riate
p
aram

eters.

6
.

D
u
st

d
ep

letio
n
in

H
ii

reg
io
n
s

T
h
e
qu

antity
an

d
com

p
osition

of
d
u
st

in
H
ii

region
s
is

an
on

goin
g
qu

estion
in

n
eb

u
lar

p
hysics.

F
or

exam
p
le,

H
en
ry

(1993)
fou

n
d
th
at

large
errors

cou
ld

b
e
introd

u
ced

into
C
,
N

an
d
O

ab
u
n
d
an

ce
estim

ates
in

H
ii

region
s
d
u
e
to

d
u
st

d
ep

letion
.
It

ap
p
ears

likely
th
at

th
e
d
u
st

am
ou

nt
in
creases

w
ith

total
m
etallicity,

d
u
e
to

th
e
greater

availab
ility

of
refractory

elem
ents

(see,
for

exam
p
le,

G
alam

etz
et

al.
2011,

F
igu

re
1).

B
oth

th
e
am

ou
nt

an
d
com

p
osition

of
d
u
st

m
ay

vary
sign

ifi
cantly,

d
u
e
to

in
h
om

ogen
eities

in
th
e
d
istrib

u
tion

of
d
u
st-form

in
g
elem

ents
in

su
p
ern

ova
rem

n
ants

an
d
A
G
B

star
en

rich
m
ent

em
b
ed

d
ed

in
H
ii
region

s.
T
h
is

p
rob

lem
is

likely
to

b
e
esp

ecially
com

p
lex

in
m
easu

rin
g
th
e
ab

u
n
d
an

ces
in

active
star

form
in
g
region

s
an

d
in

h
igh

red
sh
ift

galaxies,
as

d
iscu

ssed
in

P
roch

aska
et

al.
(2003).

T
h
ere

are
a
nu

m
b
er

of
ap

p
roach

es
th
at

can
b
e
taken

to
estim

ate
th
e
level

of
d
u
st

d
ep

letion
.
F
irst,

d
irect

m
easu

rem
ents

of
ab

sorp
tion

lin
es

in
th
e
sp
ectra

of
n
earby

stars
can

b
e
u
sed

to
m
easu

re
th
e
ab

u
n
d
an

ce
of

d
u
st,

e.g.,
Jen

kin
s
(2009),

w
h
o
su
m
m
arised

an
d
m
od

elled
a
ran

ge
of

elem
ents,

an
d
S
avage

&
S
em

b
ach

(1996)
an

d
,
S
em

b
ach

&
S
avage

(1996),
w
h
o
investigated

M
ilky

W
ay

gas
an

d
d
u
st

ab
u
n
d
an

ces
in

th
e
w
arm

n
eu
tral

m
ed
iu
m
,
in

cold
d
i↵
u
se

clou
d
s,

an
d
in

d
istant

h
alo

clou
d
s.

T
h
e
n
atu

re
of

th
e
d
u
st

in
th
e
IS
M

is
likely

to
b
e
d
i↵
erent

th
an

in
giant

m
olecu

lar
clou

d
s,

an
d
in

ion
ised

region
s
of

th
ese,

b
u
t
IS
M

m
easu

rem
ents

m
ay

b
e
u
sefu

l
as

a
startin

g
p
oint

for
m
od

ellin
g
d
ep
letion

s.

S
econ

d
,
as

exp
lored

by
E
steb

an
et

al.
(1998,

2004),
com

p
arin

g
th
e
ob

served
ab

u
n
d
an

ces,
esp

ecially
of

O
,
M
g,

S
i
an

d
F
e,

in
th
e
atm

osp
h
eres

of
you

n
g
stars

associated
w
ith

H
ii
region

s,
if
th
ey

can
b
e
m
easu

red
,

w
ith

th
e
ob

served
ab

u
n
d
an

ces
from

n
eb

u
lar

em
ission

lin
es

can
give

a
u
sefu

l
m
easu

re
of

th
e
d
ep
letion

levels.

In
a
th
ird

ap
p
roach

,
startin

g
w
ith

som
e
d
egree

of
a
p
riori

kn
ow

led
ge

of
d
ep

letion
ratios

an
d
am

ou
nts,

w
e
can

exp
lore

th
e
em

ission
region

s
w
ith

p
h
otoion

isation
m
od

els,
to

see
h
ow

w
ell

d
i↵
erent

d
u
st

d
ep

letion
assu

m
p
tion

s
m
atch

th
e
ob

servation
s.

T
o
exp

lore
th
is

id
ea,

w
e
h
ave

ob
tain

ed
h
igh

resolu
tion

,
low

n
oise

integral
fi
eld

sp
ectra

of
several

H
ii

region
s
in

th
e
M
ilky

W
ay,

L
M
C

an
d
S
M
C

w
h
ere

th
e
geom

etries
are

sim
p
le

an
d
th
erefore

can
b
e
m
od

elled
w
ith

som
e
accu

racy,
as

th
e
b
asis

for
com

p
arin

g
w
ith

m
od

els.

N
on

e
of

th
ese

m
eth

od
s
is

id
eal,

so
ed
u
cated

com
b
in
ation

s
of

su
ch

m
eth

od
s
m
ay

n
eed

to
b
e
u
sed

.
T
h
e

ab
u
n
d
an

ce
scalin

g
relation

s
p
resented

h
ere

su
ggest

a
startin

g
p
oint

for
estim

atin
g
d
u
st

d
ep

letion
s,
b
ased

on
th
e
availab

ility
of

elem
ents

to
form

d
u
st

an
d
au

gm
ented

by
estim

ates
of

relative
d
ep
letion

s.
W

h
ere

d
ata

is
availab

le
by

com
p
arison

of
central

star
clu

ster
stellar

ab
u
n
d
an

ces
an

d
ap

p
arent

n
eb

u
lar

ab
u
n
d
an

ces,
th
is

can
p
rovid

e
an

in
d
ep

en
d
ent

ch
eck

on
th
e
accu

racy
of

th
e
m
od

ellin
g
m
eth

od
.

A
d
etailed

an
alysis

of
th
e
e↵

ects
of

d
u
st

d
ep
letion

is
b
eyon

d
th
e
scop

e
of

th
e
p
resent

w
ork.

A
t
th
is

p
oint

it
is
reason

ab
le

to
su
ggest

th
at

m
ore

accu
rate

scalin
g
of

ab
u
n
d
an

ces
is
likely

to
p
rovid

e
a
b
etter

b
asis

for
estim

atin
g
d
u
st

d
ep
letion

s,
p
rovid

in
g
b
etter

estim
ates

of
th
e
total

ab
u
n
d
an

ces
in

n
eb

u
lae.
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0.0

0.5
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[Mg/Fe]

Sculptor
LM

C
M
W

F
ig.

9.—
[M

g/F
e]vs

[F
e/H

]for
M
ilky

W
ay

(grey
circles),L

M
C
(b
lu
e
circles)

an
d
th
e
S
cu
lp
tor

D
w
arf

(red
circles)

(M
W

:
F
reb

el
2010;

R
u
chti

et
al.

2011;
A
d
ib
ekyan

et
al.

2012;
G
on

zález

H
ern

án
d
ez

et
al.

2013;
B
en
sby

et
al.

2014;
H
in
kel

et
al.

2014),
(L
M
C
:
P
om

p
éia

et
al.

2008;

V
an

d
er

S
w
aelm

en
et

al.
2013),

(S
cl

d
w
arf:

G
eisler

et
al.

2005;
K
irby

et
al.

2009;
T
afelm

eyer

et
al.

2010).
A

com
m
on

valu
e
for

th
e
low

-m
etallicity

tren
d
for

th
e
th
ree

ob
jects

is
exp

ected

for
an

invariant
m
assive

star
IM

F
(W

yse
1998).

T
h
e
d
i↵
erent

b
reak

p
oints

an
d
grad

ients
in

th
e
th
ree

galaxies
refl

ect
th
eir

d
i↵
erent

rates
of

sp
ecifi

c
star

form
ation

an
d
en
rich

m
ent.

T
h
e

fi
d
u
cial

p
oint

circles
also

d
i↵
er

for
each

ob
ject,

all
m
arked

in
yellow

for
visib

ility.
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7
.

Im
p
lica

tio
n
s
fo
r
stella

r
p
o
p
u
la
tio

n
sy

n
th

esis
m
o
d
els

S
tellar

p
op

u
lation

synth
esis

m
od

els
are

an
im

p
ortant

com
p
on

ent
in

th
e
p
h
otoion

isation
m
od

ellin
g
of

H
ii

region
s,

as
th
ey

p
rovid

e
a
gu

id
e
to

th
e
ion

isin
g
rad

iation
en

ergisin
g
th
e
n
eb
u
lae.

P
erh

ap
s
th
e
m
ost

w
id
ely

u
sed

in
n
eb
u
lar

m
od

ellin
g
is

S
ta

r
b
u
r
st

9
9

(L
eith

erer
et

al.
1999;

V
ázqu

ez
&

L
eith

erer
2005;

L
evesqu

e
et

al.
2012;

L
eith

erer
et

al.
2014).

T
h
is

takes
as

its
in
p
u
t
m
od

el
sp
ectra

of
stellar

atm
osp

h
eres

an
d
stellar

evolu
tion

ary
tracks

for
a
variety

of
stellar

m
asses

an
d
m
etallicities.

T
h
ese

m
od

els
h
ave

evolved
over

th
e

p
ast

30
years,

an
d
th
e
p
op

u
lation

synth
esis

ap
p
lication

s
h
ave

ad
ap

ted
to

th
e
n
ew

in
p
u
ts

(L
eith

erer
2014).

H
ow

ever,
th
e
atm

osp
h
ere

an
d
evolu

tion
ary

track
m
od

els
are

n
ot

fu
lly

com
p
atib

le,
d
u
e
in

p
art

b
ecau

se
th
ey

w
ere

created
for

d
i↵
erent

p
u
rp
oses.

In
p
articu

lar,
th
ere

is
a
p
rob

lem
w
ith

th
e
stan

d
ard

ab
u
n
d
an

ces
u
sed

.
F
or

exam
p
le,

th
e
stellar

atm
osp

h
ere

m
od

els
from

P
au

ld
rach

et
al.

(2001)
an

d
S
ternb

erg
et

al.
(2003)

u
se

th
e

solar
ab

u
n
d
an

ce
valu

es
from

A
n
d
ers

&
G
revesse

(1989)
or

earlier,
an

d
iron

-b
ased

scalin
g.

T
h
e
evolu

tion
ary

track
m
od

els
(E

kström
et

al.
2012;

G
eorgy

et
al.

2013,
2014,

an
d
referen

ces
to

old
er

m
od

els
th
erein

)
are

b
ased

on
A
n
d
ers

&
G
revesse

(1989)
an

d
A
sp
lu
n
d
et

al.
(2009)

solar
valu

es,
an

d
u
se

m
etallicities

th
at

are
oxygen

scaled
.
C
on

sequ
ently,

m
atch

in
g
tracks

to
atm

osp
h
eres

to
gen

erate
a
synth

etic
stellar

p
op

u
lation

is
d
i�

cu
lt.

A
s
far

as
p
ossib

le,
w
h
en

m
od

ellin
g
n
eb
u
lar

em
ission

,
con

sistent
ab

u
n
d
an

ces
b
etw

een
th
e
tracks,

atm
osp

h
eres

an
d
th
e
total

n
eb
u
lar

m
etallicities

sh
ou

ld
b
e
u
sed

.
T
h
is

restricts
th
e
m
etallicities

availab
le

for
m
od

ellin
g
to

valu
es

th
at

h
ave

som
e
b
asis

in
th
e
in
p
u
t
stellar

m
od

els.
T
h
e
ab

ility
to

“tran
slate”

b
etw

een
th
e

d
i↵
erent

solar
scales

an
d
scalin

g
b
ase

elem
ents

p
rovid

ed
in

th
is

p
ap

er
give

u
s
som

e
con

fi
d
en

ce
th
at

w
e
are

m
atch

in
g
n
eb

u
lar

m
od

els
to

stellar
atm

osp
h
eres

an
d
evolu

tion
ary

tracks
as

b
est

w
e
can

.

T
o
red

u
ce

th
e
p
rob

lem
s
arisin

g
from

th
e
sh
ortcom

in
gs

if
cu
rrent

stellar
atm

osp
h
ere

m
od

els,
w
e
are

d
evelop

in
g
a
n
ew

grid
of

m
od

els
of

h
ot

stars
as

in
p
u
ts

to
p
op

u
lation

synth
esis

ap
p
lication

s,
u
sin

g
th
e

C
M
F
G
E
N

cod
e
(H

illier
2012).

W
e
are

also
w
orkin

g
w
ith

an
oth

er
grou

p
to

d
evelop

evolu
tion

ary
track

m
od

els
u
sin

g
m
etallicity

scales
con

sistent
w
ith

th
e
stellar

atm
osp

h
ere

m
od

els,
u
sin

g
th
e
M
E
S
A

cod
e
(C

h
oi

et
al.

2016).
T
h
is

sh
ou

ld
allow

u
s
to

avoid
th
e
cu
rrent

scale
d
iscrep

an
cies

in
p
op

u
lation

synth
esis

calcu
lation

s.

8
.

C
o
m
m
en

ta
ry

a
n
d
C
o
n
clu

sio
n

T
h
e
p
rob

lem
of

on
goin

g
ch
an

ges
in

“solar”
ab

u
n
d
an

ce
valu

es
is
a
sou

rce
of

u
n
certainty

in
p
h
otoion

isa-
tion

m
od

els.
It

is
convention

al
in

d
etailed

p
hysical

m
od

els
(C

lou
d
y,

M
a
p
p
in
g
s,

etc)
to

u
se

a
set

of
stellar

atm
osp

h
ere

m
od

els,
sets

of
stellar

evolu
tion

ary
tracks,

com
b
in
ed

into
a
m
od

el
excitation

sp
ectru

m
to

ion
ise

th
e
n
eb
u
la

u
sin

g
p
op

u
lation

synth
esis

ap
p
lication

s.

E
ven

ign
orin

g
th
e
d
efi
cien

cy
of

h
ot

star
m
od

els
in

th
e
stellar

atm
osp

h
ere

d
ata,

th
ere

is
a
lack

of
con

sisten
cy

b
etw

een
th
e
solar

m
etallicity

scales
u
sed

in
stellar

atm
osp

h
eres

an
d

th
e
evolu

tion
ary

tracks.
F
ixin

g
th
is

in
con

sisten
cy

by
d
evelop

in
g
stellar

atm
osp

h
ere

m
od

els
an

d
evolu

tion
ary

tracks
u
sin

g
th
e
sam

e
referen

ce
ab

u
n
d
an

ces
an

d
scalin

g
b
eh
aviou

r
w
ill

b
e
an

im
p
ortant

step
in

im
p
rovin

g
th
e
reliab

ility
of

n
eb
u
lar

m
od

els.

T
o
avoid

th
ese

p
rob

lem
s,

w
e
ad

vocate
a
referen

ce
scale

d
erived

from
a
p
op

u
lation

of
p
resent

d
ay

B
stars

as
a
sen

sib
le

stan
d
ard

.
N
ieva

&
P
rzyb

illa
(2012)

p
rovid

e
su
ch

a
b
asis,

for
all

th
e
elem

ents
th
at

p
lay

an
im

p
ortant

p
art

in
n
eb
u
lar

p
hysics.

W
e
h
ave

au
gm

ented
th
e
scale

w
ith

elem
ents

of
lesser

im
p
ortant

from
oth

er
scales,

in
clu

d
in
g
th
e
latest

solar
an

d
th
e
m
ost

carefu
lly

m
easu

red
m
eteoritic

scales.
H
ow

ever,
from

th
e

p
ersp

ective
of

n
eb

u
lar

m
od

ellin
g,

th
is
is
far

less
im

p
ortant

th
an

settin
g
a
reliab

le
scale

for
th
e
key

elem
ents.
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W
e
p
resent

a
n
ew

scalin
g
p
aram

eter,
⇣,

to
sp
ecify

th
e
m
etallicity,

an
d

to
rep

lace
th
e
u
su
al

Z
/Z

�
p
aram

eter.
W
e
d
erive

n
ew

scalin
g
relation

s
from

th
e
stellar

sp
ectra

to
d
escrib

e
th
e
w
ay

in
w
h
ich

elem
ental

ab
u
n
d
an

ces
scales

in
ion

ised
n
eb
u
lae.

A
con

sequ
en
ce

of
th
ese

relation
s
is

a
sim

p
le

m
eth

od
to

convert
b
etw

een
d
i↵
erent

elem
ents

as
th
e
b
ase

for
scalin

g
m
easu

rem
ent—

u
su
ally

oxygen
for

n
eb
u
lar

an
alysis

an
d

iron
for

stellar
an

alysis.
W
e
p
rovid

e
a
sim

p
le

w
eb
-b
ased

ap
p
lication

to
allow

easy
calcu

lation
an

d
conversion

of
ab

u
n
d
an

ces,
b
ased

on
th
is

p
ap

er,
availab

le
at

h
t
t
p
:
/
/
m
i
o
c
e
n
e
.
a
n
u
.
e
d
u
.
a
u
/
m
a
p
p
i
n
g
s
/
a
b
u
n
d.

W
e
are

n
ot

su
ggestin

g
th
e
G
alactic

C
on

cord
an

ce
scale

is
th
e
on

ly
on

e
th
at

can
b
e
u
sed

,
ju
st

th
at

it
is

im
p
ortant

to
u
se

a
sin

gle
scale

for
all

th
e
com

p
on

ents
involved

in
p
h
otoion

isation
m
od

els.
T
h
e
scale

conversion
m
eth

od
s
w
e
p
rop

ose
can

b
e
u
sed

to
convert

b
etw

een
any

scale
th
e
p
h
otoion

isation
m
od

eller
w
ish

es
to

u
se,

an
d
th
e
on

lin
e
ap

p
lication

allow
s
th
is

in
a
conven

ient
w
ay.

T
h
e
ab

u
n
d
an

ce
scalin

g
p
resented

h
ere

is
in
d
ep

en
d
ent

of
th
e
p
h
otoion

isation
m
od

el
u
sed

.
In

any
p
h
o-

toion
isation

m
od

ellin
g
system

,
m
any

p
aram

eters
interact,

an
d
it

is
d
i�

cu
lt

to
sep

arate
ou

t
th
e
e↵

ects
of

a
sin

gle
p
aram

eter
su
ch

as
ab

u
n
d
an

ce
scalin

g.
F
or

th
is

reason
w
e
leave

d
etailed

evalu
ation

to
a
su
b
sequ

ent
p
ap

er
in

th
is

series
th
at

d
escrib

es
th
e
latest

revision
of

th
e
M
a
p
p
in
g
s
p
h
otoion

isation
cod

e.

H
ow

ever,
th
e
e↵

ects
of

th
e
n
ew

scalin
g
can

b
e
sign

ifi
cant,

as
illu

strated
in

F
igu

re
1.

M
ost

im
p
ortant

is
th
e
resu

lt
of

in
corp

oratin
g
th
e
p
rim

ary
an

d
secon

d
ary

n
itrogen

scalin
g.

A
p
rob

lem
w
ith

n
eb

u
lar

m
od

els
for

a
lon

g
tim

e
h
as

b
een

in
su
�
cient

N
+
fl
u
x
at

h
igh

er
m
etallicities.

S
im

p
le

p
rop

ortion
al

scalin
g
is

in
cap

ab
le

of
p
rod

u
cin

g
su
�
cient

fl
u
x
in

th
e
key

6548
an

d
6584Å

[N
ii]

lin
es

w
h
ich

are
im

p
ortant

in
h
igh

red
sh
ift

n
eb
u
lar

ob
servation

s.
T
h
e
n
ew

n
on

-lin
ear

scale
ap

p
ears

to
go

a
lon

g
w
ay

to
rem

ed
yin

g
th
is

p
rob

lem
,
th
ou

gh
m
ore

exp
loratory

w
ork

is
n
eed

ed
.
C
learly,

n
itrogen

ab
u
n
d
an

ce
is

com
p
lex,

as
it

can
b
e
gen

erated
in

sign
ifi
cant

qu
antities

early
in

W
olf-R

ayet
W

N
stars

as
w
ell

as
later

in
A
G
B

stars.
O
b
jects

su
ch

as
th
e
B
lu
e
C
om

p
act

D
w
arfgalaxy,H

S
0837+

4717
(P

u
stiln

ik
et

al.2004;P
érez-M

ontero
et

al.2011)
h
ave

an
om

alou
sly

h
igh

n
itrogen

ab
u
n
d
an

ce
at

low
oxygen

ab
u
n
d
an

ce
an

d
m
u
st

b
e
m
od

elled
in
d
ivid

u
ally,rath

er
th
an

u
sin

g
a
gen

eric
ap

p
roach

.
P
rim

ary/secon
d
ary

n
itrogen

scalin
g
w
as

m
od

elled
by

G
roves

et
al.

(2004)
in

th
e
context

of
A
G
N
s,

b
u
t
is

p
resented

h
ere

m
ore

gen
erally,

as
p
art

of
th
e
n
ew

scalin
g
relation

s
w
ith

th
e
revised

stan
d
ard

ab
u
n
d
an

ce
scale

an
d
fi
t
p
aram

eters.

T
h
e
n
ew

scalin
g
p
resented

h
ere

su
ggests

th
at

iron
ab

u
n
d
an

ce
is
in
creasin

gly
en

h
an

ced
for

12+
log(O
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M
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O
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e
A
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A
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B
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T
.
J.,
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A
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2805

A
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M
in
o
r
n
eb

u
la
r
elem

en
ts

W
h
ile

F
e
p
lays

an
im

p
ortant

role
in

n
eb

u
lar

coolin
g,

th
e
oth

er
iron

-p
eak

elem
ents

are
of

m
in
or

im
p
or-

tan
ce.

N
i
an

d
C
l
lin

es
d
o
ap

p
ear

in
th
e
sp
ectra

of
H
ii

region
s,

b
u
t
at

very
low

fl
u
x.

H
ow

ever,
as

w
e
are

argu
in
g
th
e
n
eed

for
com

m
on

scalin
g
in

n
eb

u
lar,

stellar
atm

osp
h
ere

an
d
stellar

evolu
tion

ary
track

m
od

ellin
g,

it
is
im

p
ortant

to
set

ou
t
a
b
asis

for
com

m
on

ality
in

th
is
w
ork.

In
th
is
ap

p
en
d
ix,

for
com

p
leten

ess,
w
e
p
resent

stellar
d
ata

for
L
i,
B
e,

B
,
F
,
N
a,

P
,
K
,
S
c,

T
i,
V
,
C
r,

M
n
,
C
o,

N
i,
C
u
,
an

d
Z
n
.

A
.0.1.

L
ithium

,
B
eryllium

an
d
B
oron

T
h
ese

elem
ents

h
ave

very
low

ab
u
n
d
an

ces
in

stars
an

d
n
eb
u
lae.

L
i
is

b
oth

p
rod

u
ced

an
d
con

su
m
ed

in
stars,

so
d
eterm

in
in
g
its

p
rim

ord
ial

valu
e
from

stellar
sp
ectra

is
d
i�

cu
lt.

It
h
as

b
een

d
ep

leted
in

th
e
su
n

by
a
factor

of⇠
150

com
p
ared

to
th
e
m
eteoritic

valu
e
(A

sp
lu
n
d
et

al.
2009),

an
d
B
e
an

d
B

h
ave

n
on

-stellar
p
rim

ord
ial

ch
em

ical
evolu

tion
p
ath

s.
M
eteoritic

valu
es

for
L
i,

B
an

d
B
e
are

accep
tab

le
as

th
ey

are
on

ly
trace

elem
ents.

T
h
ey

p
lay

little
role

in
n
eb

u
lar

p
hysics,

so
for

th
e
p
u
rp
oses

of
n
eb

u
lar

m
od

ellin
g
w
e
assu

m
e

th
ey

scale
w
ith

oxygen
.
A
b
u
n
d
an

ce
valu

es
at

th
e
G
alactic

C
on

cord
an

ce
fi
d
u
cial

p
oint

are
taken

from
th
e

m
eteoritic

[X
/S

i]
valu

es
in

L
od

d
ers

et
al.

(2009),
u
sin

g
12+

log(S
i/H

)
=

7.533
d
erived

from
th
at

p
ap

er
as

th
e

conversion
stan

d
ard

.

A
.0.2.

F
luorin

e

S
olar

p
h
otosp

h
eric

ab
u
n
d
an

ce
of

fl
u
orin

e
can

on
ly

b
e
m
easu

red
(in

d
irectly)

in
su
n
sp
ots

from
th
e
H
F

ab
u
n
d
an

ces
(A

sp
lu
n
d
et

al.
2009,

an
d
referen

ces
th
erein

).
T
h
e
solar

valu
es

for
fl
u
orin

e
from

A
sp
lu
n
d
et

al.
(2009)

d
ate

b
ack

w
ith

m
in
or

variation
s
to

su
n
sp
ot

m
easu

rem
ents,

ca.
1970.

A
s
fl
u
orin

e
is

n
ot

n
orm

ally
ob

served
in

n
eb

u
lae,

in
th
e
G
alactic

C
on

cord
an

ce
w
e
ad

op
t
th
e
m
eteoritic

valu
es

for
fl
u
orin

e
from

L
od

d
ers

et
al.

(2009).
T
h
is
d
ecision

is
n
ot

critical
for

n
eb

u
lar

p
hysics

p
u
rp
oses,

as
fl
u
orin

e
d
oes

n
ot

p
lay

a
sign

ifi
cant

role
in

th
e
th
erm

al
b
alan

ce
of

n
eb
u
lae.

A
.0.3.

P
otassium

,
S
can

dium
an

d
T
itan

ium

T
h
e
elem

ents
K
,
S
c
an

d
T
i
(F

igu
re

10)
also

follow
th
e
↵
-elem

ent
tren

d
s.

T
itan

iu
m

an
d
S
can

d
iu
m

are
som

etim
es

in
clu

d
ed

w
ith

th
e
iron

-p
eak

elem
ents,

b
u
t
its

ab
u
n
d
an

ce
sh
ow

s
a
clear

tren
d
sim

ilar
to

th
e

↵
-elem

ents.
In

oth
er

w
ord

s,
scan

d
iu
m

an
d
titan

iu
m

ap
p
ear

to
b
e
gen

erated
in

sign
ifi
cant

am
ou

nts
in

core-
collap

se
su
p
ern

ovae.

T
h
is

p
rep

rint
w
as

p
rep

ared
w
ith

th
e
A
A
S
L AT

E
X

m
acros

v5.2.
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A
.0.4.

S
odium

,
P
hosphorus

an
d
Z
in
c

F
igu

re
11

sh
ow

s
th
e
b
eh
aviou

r
of

N
a,

P
an

d
Z
n
.
T
h
e
tren

d
s
for

th
ese

elem
ents

ap
p
ear

to
b
e
on

th
e

b
ord

erlin
e
b
etw

een
↵
-grou

p
scalin

g
an

d
iron

-p
eak

scalin
g.

T
h
e
d
ata

for
p
h
osp

h
orou

s
(C

a↵
au

et
al.

2011b
;

Jacob
son

et
al.

2014)
are

so
sp
arse

th
at

it
is
n
ot

p
ossib

le
to

d
istin

gu
ish

b
etw

een
th
e
tw

o
ap

p
arent

con
fl
ictin

g
tren

d
s.

S
od

iu
m

ap
p
ears

to
sh
ow

a
slight

↵
-p
rocess

tren
d
b
elow

[F
e/H

]
=

0.
H
ow

ever,
th
e
u
pw

ard
tren

d
at

h
igh

er
[F
e/H

],
p
reviou

sly
attrib

u
ted

in
op

en
clu

sters
to

th
e
“N

a/O
anti-correlation

”
ob

served
in

som
e

glob
u
lar

clu
sters

(G
eisler

et
al.

2012;
B
ragaglia

et
al.

2012),
m
ay

b
e
an

artefact
of

th
e
sp
ectral

d
ata

an
alysis

as
n
oted

by
M
acL

ean
et

al.
(2015).A

.0.5.
S
calin

g
iron

-peak
elem

en
ts

Iron
-p
eak

elem
ents

are
p
rod

u
ced

in
th
e
nu

clear
fu
sion

sequ
en
ce

th
at

gen
erates

iron
,
so,

at
fi
rst

glan
ce,

th
e
ab

u
n
d
an

ces
of

van
ad

iu
m
,
ch
rom

iu
m
,
m
an

gan
ese,

iron
,
cob

alt,
n
ickel

an
d
cop

p
er

m
ay

b
e
exp

ected
to

rem
ain

con
stant

as
a
fraction

of
iron

.
T
h
is
is
in

large
p
art

su
p
p
orted

by
th
e
stellar

ab
u
n
d
an

ce
d
ata

(F
igu

res
12

an
d
13),

d
ow

n
to

m
etallicities

of
[F
e/H

]⇠
-2.5.

H
ow

ever,
at

low
m
etallicities,

oth
er

tren
d
s
are

ap
p
arent

in
som

e
elem

ents.
D
ecreasin

g
tren

d
s
b
elow

[F
e/H

]⇠
-1.0

h
ave

b
een

id
entifi

ed
for

ch
rom

iu
m

an
d
m
an

gan
ese

(see,
for

exam
p
le,

C
ayrel

et
al.

2004).
T
h
e

ab
u
n
d
an

ces
of

ch
rom

iu
m

an
d
m
an

gan
ese

in
F
igu

re
13

sh
ow

an
ap

p
arent

d
ecrease,

an
d
th
e
ab

u
n
d
an

ce
of

cob
alt

(F
igu

re
12)

sh
ow

s
an

ap
p
arent

in
crease,

at
iron

ab
u
n
d
an

ces
[F
e/H

].
-2.5.

S
om

e
of

th
e
m
an

gan
ese

d
ata

for
[F
e/H

]
>

-2.0
m
ay

b
e
an

artefact
of

th
e
sp
ectral

an
alysis,

w
ith

N
L
T
E

e↵
ects

n
ot

b
ein

g
taken

into
accou

nt.
In

a
sam

p
le

of
m
etal-p

oor
stars,

B
ergem

an
n
&

G
eh
ren

(2008)
fou

n
d

th
at

takin
g
N
L
T
E

e↵
ects

into
accou

nt
sign

ifi
cantly

in
creased

th
e
valu

es
ob

tain
ed

for
[M

n
/F

e],
by

u
p

to
0.7d

ex,
esp

ecially
for

low
er

iron
ab

u
n
d
an

ces.
T
h
eir

d
ata

are
sh
ow

n
in

F
igu

re
13,

m
id
d
le

p
an

el,
as

b
lu
e

circles.
B
attistin

i
&

B
en
sby

(2015)
fou

n
d
th
e
sam

e
e↵

ect.
T
h
ey

calcu
lated

m
an

gan
ese

ab
u
n
d
an

ces
w
ith

an
d
w
ith

ou
t
N
L
T
E

e↵
ects,

an
d
th
e
form

er
follow

th
e
d
ow

nw
ard

tren
d
,
w
h
ereas

th
e
d
ata

calcu
lated

takin
g

into
accou

nt
N
L
T
E
p
hysics

rem
ain

con
stant

w
ith

d
ecreasin

g
[F
e/H

]
(green

circles,
F
igu

re
13,

m
id
d
le

p
an

el).
H
ow

ever,
it
is
p
ossib

le
th
at

th
e
low

M
n
ab

u
n
d
an

ce
tren

d
at

low
[F
e]

is
real,

as
h
igh

er
levels

of
M
n
at

[F
e]

<
-1

are
n
ot

w
ell

exp
lain

ed
by

core-collap
se

su
p
ern

ova
m
od

els
(S
eiten

zah
l
et

al.
2013).

F
or

n
eb

u
lar

p
u
rp
oses

th
is

u
n
certainty

is
n
ot

sign
ifi
cant,

as
M
n
ab

u
n
d
an

ce
h
as

little
e↵

ect
in

H
ii
region

p
hysics.

S
im

ilarly,
for

ch
rom

iu
m
,
B
ergem

an
n
&

C
escu

tti
(2010)

fou
n
d
th
at

n
eglectin

g
N
L
T
E

e↵
ects

in
stellar

m
od

ellin
g
led

to
an

ap
p
arent

fall
in

ch
rom

iu
m

ab
u
n
d
an

ce
at

low
m
etallicities.

A
s
N
L
T
E
e↵

ects
are

im
p
ortant

in
an

alysin
g
th
e
d
ata

(as
in

th
e
case

of
N
a:

see
M
acL

ean
et

al.
2015),

w
e
reason

th
at

th
e
ab

u
n
d
an

ces
sh
ou

ld
scale

d
irectly

w
ith

iron
at

least
d
ow

n
to

m
etallicities

of
[F
e/H

]&
-2.0.

E
ven

if
th
is

is
n
ot

th
e
case,

ab
ove

[F
e/H

]⇠
-2,

th
e
con

stant
fi
t
is

accep
tab

le
to

good
.

B
elow

[F
e/H

]⇠
-2.5

th
e
tren

d
s
m
ay

b
e
real,

an
d
w
ere

fi
rst

rep
orted

for
very

low
m
etallicity

stars
by

M
cW

illiam
et

al.
(1995)

an
d
su
b
sequ

ently
by

R
yan

et
al.

(1996);
N
orris

et
al.

(2001);
C
ayrel

et
al.

(2004)
an

d
Y
on

g
et

al.
(2013).

F
or

exam
p
le,

N
orris

et
al.

(1997)
fou

n
d
th
at

h
igh

(>
Z
�
)
carb

on
ab

u
n
d
an

ces
“are

n
ot

u
n
com

m
on

”
for

[F
e/H

]
<

-2.5
an

d
su
ggest

th
at

th
is
m
ay

m
ay

arise
from

d
i↵
erent

classes
of

core-collap
se

su
p
ern

ovae.
It

is
p
ossib

le
th
at

th
e
d
isp

arate
b
eh

aviou
r
of

oth
er

elem
ents

for
[F
e/H

]
<

-2.5,
m
ay

h
ave

th
e

sam
e
origin

.
B
ecau

se
th
e
p
u
rp
ose

of
th
e
p
resent

w
ork

is
to

m
od

el
m
etallicity

b
eh
aviou

r
for

[F
e/H

]
>

-2,
th
ese

e↵
ects

d
o
n
ot

a↵
ect

th
e
m
od

els
p
resented

h
ere.
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et
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zález
H
ern

án
d
ez

et
al.

(2013).
It

is
n
ot

clear
w
h
eth

er
th
is
is
a
real

e↵
ect,

or
a
resu

lt
of

ab
u
n
d
an

ce
m
easu

rem
ent

m
eth

od
s.

T
h
e

sam
e
tren

d
ap

p
ears

in
th
e
sod

iu
m

d
ata

(F
igu

re
11,

left
p
an

el),
an

d
,
as

n
oted

ab
ove,

M
acL

ean
et

al.
(2015)

su
ggest

th
is

an
artefact.

W
h
atever

th
e
cau

se,
it

d
oes

n
ot

m
aterially

a↵
ect

th
e
fi
ttin

g
of

a
sim

p
le

iron
-p
eak

con
stant

tren
d
w
ith

in
creasin

g
[F
e/H

].
W

h
ile

iron
is

critically
im

p
ortant,

esp
ecially

at
h
igh

er
m
etallicities

b
ecau

se
of

its
ab

u
n
d
an

ce
an

d
p
resen

ce
in

refractory
d
u
st,

th
e
oth

er
iron

-p
eak

elem
ents

are
m
u
ch

less
so.

F
or

th
is

reason
,
an

d
th
e
stellar

ab
u
n
d
an

ce
tren

d
s
th
em

selves,
w
e
are

con
fi
d
ent

th
at

assu
m
in
g
th
e
iron

-p
eak

elem
ents

scale
d
irectly

w
ith

iron
is

reason
ab

le.

In
gen

eral
w
e
h
ave

n
ot

in
clu

d
ed

d
ata

from
F
reb

el
(2010)

as
th
ey

d
erive

from
several

old
er

sou
rces

for
w
h
ich

th
e
d
ata

red
u
ction

is
u
n
certain

.
T
h
e
excep

tion
is
van

ad
iu
m
,
w
h
ere

th
e
low

er
m
etallicity

d
ata

is
scarce

an
d
th
e
h
alo

an
d
th
ick

d
isk

d
ata

from
A
d
ib
ekyan

et
al.

(2012)
h
as

a
large

sp
read

,
in

ord
er

to
clarify

th
e

likely
b
eh
aviou

r
at

low
m
etallicity.

B
.

A
d
d
itio

n
a
l
ta
b
les

T
h
is
ap

p
en
d
ix

contain
s
a
com

p
en
d
iu
m

of
th
e
m
a
jor

p
u
b
lish

ed
stan

d
ard

solar
ab

u
n
d
an

ces
from

1976
to

th
e
p
resent

(T
ab

le
3)

a
list

of
th
e
stellar

ab
u
n
d
an

ce
sou

rces
w
e
h
ave

u
sed

to
d
erive

th
e
scalin

g
fi
ts

(T
ab

le
4)

an
d
th
e
stellar

p
op

u
lation

s
u
sed

in
th
e
referen

ced
stu

d
ies

(T
ab

le
5).



–
40

–

-2.0
-1.0

0.0

0.0

0.5

1.0

[X/Fe]

Ξ = 0.0
V

-2.0
-1.0

0.0

Ξ = 0.0
N

i

-2.0
-1.0

0.0
[Fe]

Ξ = 0.0
C

o

F
ig.

12.—
S
calin

g
of

V
,
C
o,

N
i
vs.

F
e
from

stellar
sp
ectra.

S
ou

rces:
(F
reb

el
2010,

V
,

b
lack),

(A
d
ib
ekyan

et
al.

2012,
V
,
C
o,

N
i,
grey),

(G
on
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Table 3: Solar, meteoritic, and B-star abundance standards

Z Sym. GC SGA15 NP12 C11 A09 A09 LPG09 GAS07 AGS05 L03 GS98 AG89 AG89 AE82 A76
Element proto. photos. photos. metor.

1 H 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00
2 He 10.99 . . . 10.99 . . . 10.98 10.93 10.93 10.93 10.93 10.90 10.93 10.99 10.99 10.90 10.93
3 Li 3.28 . . . . . . 1.03 . . . 1.05 3.28 1.05 1.05 3.28 1.10 1.16 3.31 3.34 0.70
4 Be 1.32 . . . . . . . . . . . . 1.38 1.32 1.38 1.38 1.41 1.40 1.15 1.42 1.46 1.10
5 B 2.81 . . . . . . . . . . . . 2.70 2.81 2.70 2.70 2.78 2.55 2.60 2.88 2.95 3.00
6 C 8.42 . . . 8.33 8.50 8.47 8.43 8.39 8.39 8.39 8.39 8.52 8.56 8.56 8.65 8.52
7 N 7.79 . . . 7.79 7.86 7.87 7.83 7.86 7.78 7.78 7.83 7.92 8.05 8.05 7.96 7.96
8 O 8.76 . . . 8.76 8.76 8.73 8.69 8.73 8.66 8.66 8.69 8.83 8.93 8.93 8.87 8.82
9 F 4.44 4.40 . . . . . . . . . 4.56 4.44 4.56 4.56 4.46 4.56 4.56 4.48 4.49 4.60

10 Ne 8.09 8.09 . . . 7.97 7.93 8.05 7.84 7.80 7.87 8.08 8.09 8.09 8.11 7.92
11 Na 6.21 6.21 . . . . . . . . . 6.24 6.29 6.17 6.17 6.30 6.33 6.33 6.31 6.32 6.25
12 Mg 7.56 7.59 7.56 . . . 7.64 7.60 7.54 7.53 7.53 7.55 7.58 7.58 7.58 7.60 7.42
13 Al 6.43 6.43 . . . . . . . . . 6.45 6.46 6.37 6.37 6.46 6.47 6.47 6.48 6.49 6.39
14 Si 7.50 7.51 7.50 . . . 7.55 7.51 7.53 7.51 7.51 7.54 7.55 7.55 7.55 7.57 7.52
15 P 5.41 5.41 . . . 5.46 . . . 5.41 5.45 5.36 5.36 5.46 5.45 5.45 5.57 5.58 5.52
16 S 7.12 7.12 . . . 7.16 7.16 7.12 7.16 7.14 7.14 7.19 7.33 7.21 7.27 7.28 7.20
17 Cl 5.25 . . . . . . . . . . . . 5.50 5.25 5.50 5.50 5.26 5.50 5.50 5.27 5.29 5.60
18 Ar 6.40 6.40 . . . . . . 6.44 6.40 6.50 6.18 6.18 6.55 6.40 6.56 6.56 6.58 6.80
19 K 5.04 5.04 . . . 5.11 . . . 5.03 5.11 5.08 5.08 5.11 5.12 5.12 5.13 5.14 4.95
20 Ca 6.32 6.32 . . . . . . . . . 6.34 6.31 6.31 6.31 6.34 6.36 6.36 6.34 6.34 6.30
21 Sc 3.16 3.16 . . . . . . . . . 3.15 3.07 3.17 3.05 3.07 3.17 3.10 3.09 3.09 3.22
22 Ti 4.93 4.93 . . . . . . . . . 4.95 4.93 4.90 4.90 4.92 5.02 4.99 4.93 4.95 5.13
23 V 3.89 3.89 . . . . . . . . . 3.93 3.99 4.00 4.00 4.00 4.00 4.00 4.02 4.04 4.40
24 Cr 5.62 5.62 . . . . . . . . . 5.64 5.65 5.64 5.64 5.65 5.67 5.67 5.68 5.69 5.85
25 Mn 5.42 5.42 . . . . . . . . . 5.43 5.50 5.39 5.39 5.50 5.39 5.39 5.53 5.54 5.40
26 Fe 7.52 7.47 7.52 7.52 7.54 7.50 7.46 7.45 7.45 7.47 7.50 7.67 7.51 7.52 7.60
27 Co 4.93 4.93 . . . . . . . . . 4.99 4.90 4.92 4.92 4.91 4.92 4.92 4.91 4.92 5.10
28 Ni 6.20 6.20 . . . . . . . . . 6.22 6.22 6.23 6.23 6.22 6.25 6.25 6.25 6.26 6.30
29 Cu 4.18 4.18 . . . . . . . . . 4.19 4.27 4.21 4.21 4.26 4.21 4.21 4.27 4.28 4.50
30 Zn 4.56 4.56 . . . . . . . . . 4.56 4.65 4.60 4.60 4.63 4.60 4.60 4.65 4.67 4.20

Sources
GC: this work
SGA15 solar photosphere: Scott et al. (2015a,b); Grevesse et al. (2015)
NP12 B stars: Nieva & Przybilla (2012)
C11 solar photosphere: Ca↵au et al. (2011a)
A09: proto-solar and solar photosphere: Asplund et al. (2009)
LPG09 meteoritic (and solar): Lodders et al. (2009)
GAS07 solar photosphere: Grevesse et al. (2007)
AGS05 solar photosphere: Asplund et al. (2005)
L03 meteoritic (and solar): Lodders (2003)
GS98 solar photosphere: Grevesse & Sauval (1998)
AG89: solar photosphere and meteoritic: Anders & Grevesse (1989)
AE82 solar photosphere: Anders & Ebihara (1982)
A76 solar photosphere: Allen (1976)
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Table 4: Stellar data sources

Element Sources

C Gustafsson et al. (1999); Akerman et al. (2004); Fabbian et al. (2009); Spite et al. (2005); Nieva & Przybilla
(2012); Nissen et al. (2014)

N Akerman et al. (2004); Spite et al. (2005); Nieva & Przybilla (2012)
O Cayrel et al. (2004); Trevisan et al. (2011); González Hernández et al. (2013); Ramı́rez et al. (2013); Bensby

et al. (2014); Amarsi et al. (2015)
Ne Nieva & Przybilla (2012)
Na Adibekyan et al. (2012); González Hernández et al. (2013); Bensby et al. (2014); Howes et al. (2015)
Mg Ruchti et al. (2011); Trevisan et al. (2011); Adibekyan et al. (2012); González Hernández et al. (2013);

Bensby et al. (2014); Hinkel et al. (2014); Howes et al. (2015)
Al Edvardsson et al. (1993); Cayrel et al. (2004); Andrievsky et al. (2010); González Hernández et al. (2013)
Si Ruchti et al. (2011); Trevisan et al. (2011); Adibekyan et al. (2012); González Hernández et al. (2013);

Bensby et al. (2014); Hinkel et al. (2014); Howes et al. (2015)
P Ca↵au et al. (2011b); Jacobson et al. (2014)
S Spite et al. (2011); González Hernández et al. (2013)
K Cayrel et al. (2004); Zhang et al. (2006); Takeda et al. (2009); Andrievsky et al. (2010); Howes et al. (2015)
Ca Cayrel et al. (2004); Ruchti et al. (2011); Trevisan et al. (2011); Adibekyan et al. (2012); González Hernández

et al. (2013); Bensby et al. (2014); Howes et al. (2015)
Sc Adibekyan et al. (2012); González Hernández et al. (2013); Howes et al. (2015)
Ti Cayrel et al. (2004); Ruchti et al. (2011); Trevisan et al. (2011); Adibekyan et al. (2012); González Hernández

et al. (2013); Bensby et al. (2014); Howes et al. (2015)
V Frebel (2010); Adibekyan et al. (2012); González Hernández et al. (2013)
Cr Adibekyan et al. (2012); González Hernández et al. (2013); Bensby et al. (2014); Howes et al. (2015)
Mn Bergemann & Gehren (2008); Adibekyan et al. (2012); González Hernández et al. (2013); Battistini & Bensby

(2015); Howes et al. (2015)
Co Adibekyan et al. (2012); González Hernández et al. (2013); Howes et al. (2015)
Ni Adibekyan et al. (2012); González Hernández et al. (2013); Bensby et al. (2014); Howes et al. (2015)
Cu González Hernández et al. (2013)
Zn González Hernández et al. (2013); Bensby et al. (2014); Howes et al. (2015)

See following table for stellar population details
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Table 5: Stellar populations from cited sources

Source Population(s)

Edvardsson et al. (1993) Nearby field disk dwarf F and G stars

Gustafsson et al. (1999) as above

Akerman et al. (2004) Metal-poor halo stars

Cayrel et al. (2004) Very metal-poor dwarfs and giants

Spite et al. (2005) Halo unmixed extremely metal-poor giants

Zhang et al. (2006) Nearby metal-poor stars

Bergemann & Gehren (2008) Halo stars

Fabbian et al. (2009) Halo stars

Takeda et al. (2009) Red giants in metal-poor globular clusters

Zhang et al. (2006) Nearby metal-poor stars

Bergemann & Gehren (2008) Halo stars

Fabbian et al. (2009) Halo stars

Andrievsky et al. (2010) Disk and halo stars

Frebel (2010) Metal-poor and extremely metal-poor stars from several older sources

Spite et al. (2011) Extremely metal-poor stars

Ca↵au et al. (2011b) Cool galactic disk stars

Ruchti et al. (2011) Thick disk metal-poor stars

Nieva & Przybilla (2012) Nearby thick disk B-stars

Adibekyan et al. (2012) Thin disk, thick disk and halo

González Hernández et al. (2013) F- and G-type main sequence stars

Bensby et al. (2014) F and G dwarf and sub-giant stars in the solar neighbourhood

Nissen et al. (2014) F and G main sequence stars in the solar neighbourhood

Hinkel et al. (2014) Stars within 150pc of the Sun

Jacobson et al. (2014) Low metallicity stars

Battistini & Bensby (2015) Thick and thin disk stars

Amarsi et al. (2015) Dwarfs and subgiants

Howes et al. (2015) Extremely metal-poor stars in the Milky Way bulge


