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GCE analytics



GCE implementation

To model GCE, we need to know...

1) How many stars of mass Mdie at time ¢

IMF e SFR(¢-T,) = death rate at time ¢

2) How much metal they eject at time ¢

M, = Metal mass ejected by star of mass M

Therefore:

IMF e SFR(#-1,) o M,=Metal mass ejected by star of mass Mat time ¢




The GCE equation

My
ez(t) = / My(M, Zo) (t — 1) S(M) dM

M f ! 1
Metals SFR IMF
€7 (IL ) = The rate of ejection of metals from a simple stellar population (SSP)

Mz = yz (M., Zy) + Zo - (M — M,;)

= The mass of metals ejected by one star of initial mass M, initial metallicity Z, and remnant
mass M.

L (f — ™ ) = The star-formation rate (SFR) at a time t,,in the past

(,-")( *\ [ ) = The stellar initial mass function (IMF)



The IMF

stellar Initial Mass Functions
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The IMF tells us how many stars of
mass Mthere are.

Different IMFs give different GCE
results. e.g. more high-mass stars
means more alpha elements...

Currently in L-GALAXIES, we assume
a Chabrier 03 IMF (fixed in time
and space), with M, = 0.1 M, , and
My =120 M :

(log M —log M_)? /202

if M < 1M,
if M > 1M..
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Stellar lifetimes z(t) = | Mz(M. Z0) v(t = 7) o(M) dM
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My
AGB winds ez(t) = i Mz(M. Zo) ¥(t — ) &(M) dM
. L
Intermediate-mass stars (0.85 — 7 M,,,)) eject Currently in L-F;&LAXIfE;’/IW? useO;he AGB wind
their outer layers during the thermally- yields ot Marigo OF
pulsating asymptotic giant branch (AGB) (We approximate that the winds eject at the
phase. end of the stars’ lives)
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My

SNe-ll e2(t)= [ Mz(M.Z0) d(t — m) (M) dM

RML

Currently in L-GALAXIES, we consider the SN-II

Massive stars (>7 M, ) are assumed to explode

; sun yields of Portinari+98.
mainly as type Il core-collapse supernovce
(SN-II). These eject predominantly alpha (Note the strong mass-dependence for the
elements (and H & He). Portinari+98 yields)
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SNe-la

My
E’Z(f} = . Mz(M Z{]} ?I,-"i-'{f o Tm) U(M) dM

Thielemann et al. (2003)
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Some binary systems (2.8%) with total mass 3 —16 M, ,
(companion star mass 0.85 — 8 M, ,,) can explode as type
la supernovce. These eject mainly Fe.

Currently in L-GALAXIES, we use the SN-la yields of
Thielemann+03.

We allow some binary systems to blow AGB winds and
explode as SNe-la.

The lifetimes of these binary systems are
determined empirically, via a SN-la delay-

time distribution (DTD).

Currently in L-GALAXIES, we include four
different DTDs, with T, = Tgyeun = 35 Myr and
Tmax = T0.85Msun =21 Gyr'
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The detailed GCE equation

Mg .
ez(t) = / My CSB(M, Zy) ¥(t — ) (M) dM «—— AGB winds
J0.85M
To.85 M-
+ Ak " M 4(t — 1) DTD(7) d7 +«——  SNe-la
. T:-s.-‘lf-_—r‘

16Mg
+ (1-—A) / MMM, Zy) ¥(t — ) ¢(M) dM  +—
Mg

—  SNe-ll

Mmax
3 [ MMM, Zy) ¥(t — 1) ¢(M) dM . —

16M ¢

A =0.028 = Fraction of stellar systems in range 3 — 16 M, that are SN-la progenitor binaries.
J3-16 =0.0385 = Fraction of al/stellar systems that are in range 3 — 16 M.

/
A = A-. f3_1 =0.001=Fraction of al/stellar systems that are SN-la progenitor binaries.

Mmax
k = / (M) dM  =1.4772 = Number of stellar objects in a 1 M,,, SSP.
M in

These parameters are all dependent on the IMF’s shape & mass range.

In L-GALAXIEs, A is tuned to the [Fe/H] distribution in the Milky Way stellar disc (Yates+13).



GCE coding



yields read tables.c

R er——

Eile Edit Source Refactor Navigate Search Project Bun Window Help

i~ ® | Ev 8 @ @ &R B (B O Q- |[® B © & G = &
i Project Explorer &3 = B [8 allvars.h [l input_MR_w1_wl.par [cl read_yield_tables.c 32 [ stripped_LifetimeMet | & Makefile [2l convolved_stripped_i o5 = | .
B & < || #include =stdio.h> . . =il o
TG _ !l #include <stdlib.h> e
B -2l #include <string.h= 7 B
b [g model_spectro_photometric_c| gineliide <mathike @
b [ model_spectro_photometric_c| #include <time.h= El

b [ model_spectro_photometric.c| w#inelude v al Dears: by

b [ mymalloc.c 15264 #include "proto.h"
el read yleldztakLes (euki) Chabrier 03 IMF is coded here:
e Chabrier IMF().

//READ LIFETIME MASS LIST:

b [¢ peano.c 1862
b [ post_process_spec_mags.c 2+|=
b [g = proto.h 23650

b [g read_parameters.c 24056 /4
FILE *fdl;

* B = read yield tables.c 24087 char buf1[100];

b [5 = recipe_cooling.c 24087 int 11; . .

b [ = recipe_disrupt.c 23650 float m1; read yle/d tab/efo IS CCI"ed
- static char *namel = "stripped_interp_LifetimeMasses.txt"; - -

from init.c.

b [ recipe_dust.c 23650
b [5 > recipe_infall.c 24087 sprintf(bufl, "./YieldTables/%s", namel);

4 |__T~'é = recipe_mergers.c 22650 if(!{fdl = fopen(bufl, "r")))
{
printf("file "%s' not found.\n", bufl);
exit(0);

¥

b [# = recipe_misc.c 24087

b [¢) recipe_reincorporation.c 2141 |
b [# = recipe_starformation_and_f |
P[4 = recipe_stripping.c 23650 for(il=0; i1<LIFETIME MASS_NUM; il++)
b [f = recipe_yields.c 24087

i | Feramflfd1  vadn  £m1d- . E|
b [r) > save_galtree.c 17522 (—~—_~_S—_—__—____,,, .. E3]
23650 = | i : [ 7
b_Ia eave meme ¢ 23650 2y & Gl Problems | ¥ Tasks | Bl console | El Properties | B console B Console | B console | B Remote Search 52 =8
(T [ . . . . . -
0% [£] /Development_Branchfcodejread yield tables.c

Reads yield tables and convolves them with the IMF.
Creates 2- or 3-dimensional arrays. e.g. SN//TotalMetals/SNIl Z NUMJ[SNII MASS NUM]



yields integrals.c

File Edit Source Refactor Navigate Search Project Run Window Help

Civ & g avE-@ |/ B [H-0O0vQ¥ | ™ E © |E| B W | & Fv o o @|@|

[ Project Explorer 32 = B [ allvars.h [l input_MR_w1_wl.par 2] yield_integrals.c 32 [€] read_yield_tables.c [l convolved_stripped_i Einte |78 =im|

= e 25 I i

i = sl = * yield_integrals.c |?l =
> > read yield tablesic 24087 | [ oo e (PTE@-)integrates the GCE equation, without model-
b |4 = recipe_cooling.c 24087 # Multiply by SFR from SFH bins (and interpc .
b [5 > recipe_disrupt.c 23550 ¥ true ejecta rates (done in recipe_yields.c dependent VGI‘ICIbleS.
P[5 recipe_dust.c 23650 * Created on: 10.05.2012
b [7 > recipe_infall.c 24087 : , Author: robyates My
t-Kaceneriingl | LI ez(t) = Y(t — 1) Mz(M., Zy) - $(M) dM
P [§ = recipe_misc.c 24087 :::an{u:e “‘Sij{‘_’sh; ML

< h=

b [ recipe_reincorporation.c 2141 ,&:;:dz -:ztriig.h:-
b R = recipe starf ti df #include <math.h= . . . o o
oo | vinctude Stinelh The ‘normalised’ ejecta rate is calculated for N ‘mini
b [ > recipe_yields.c 24067 Lol i bins’ in every SFH bin of every timestep, for 6
b [f > save_galtree.c 175822 ’ o _epe .
5 B saveconeig 2650 b T R A RSO metallicities, and stored in 3D arrays (look-up
>[5 save.c 23650 void integrate_yields() tqbles)'
b [ scale_cosmology.c 22650 { _ _ _
b star_formation_history.c 2408 | gz:hiiaire:}czgsitlmst newtime, deltaT; [//SnOPShOtS
P[5 update_type_two.c 21411 double timet; [//ﬁmesteps

3> yeilniagiis £ 24087 int Mi_lower, Mi_upper, Mi_lower SNII, Mi [//SFHbins

[@hage.o %nt Zi_correc; _

& > allvars.i 24087 (e { //Mini bins (in-code sub-divisions of the SFH bins)

- i allvars o 'Ellil 5l Problems | &) Tasks ..E Console | El Properties | B consc [//Meta//icities

o* e.g. NormSNIIMetalEjecRate[step ][ SFHbin][Z]
/

init_integrated _yields() is called Y
from init.c. £



yields integrals.c
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1) A maximum (M) and minimum (M.

mass of stars to die in the current timestep
from each mini bin is calculated.

2) The total/metal/element mass ejected is
integrated over numerically between M
and Mlower'

upper

3) The many /fstatements in yields integrals.c
account for different limits when integrating
across the finite-resolution yield tables. e.g.
M. pper aNd My Wil likely be between two
masses in the yield table grid — sometimes
even both between the sarme two masses.



model yields.c

File Edit Source Refactor Navigate Search Project Run Window Help

i @ B |lE 8 @6 &8 [$-0-% | ®@E6 4|4 B @ HF e e 4]
[t Project Explorer = 0| [& allvars.h lc] recipe_yields.c 82 [4 yield_integrals.c [g read_yield_tables.c [E] convolved stripped i [ginit.c | 7g =i .
=) \,1% - ¥ =)

recipe_yields.c

P TELTPE EIICOT Ut ey

e ZI8T El

b [# = recipe_starformation_and_f

=2y Calculates actual total/metal/element mass ejected
Author: robyates at every timestep for every galaxy.

gl g g

b [# = recipe_stripping.c 23650

< f

. > recipe_Vields.c 24087
¥ p —7

b [ = save_galtree.c 17822 | #include <=stdio.h=

T #include <stdlib.h=>
b [ 9eve, meme 623650 #include <=string.h>
b |7 save.c 23650 #%nclude =math.h= . Lo .
N I —— #include <time.h> Interpolates in-code between metallicities in the
i i | | i look-up tables using the true Z,, and muiltiplies-in
b [ update_type_two.c 21411 L R

the true SFR.

b [ = yield_integrals.c 24087
B siia ;’Dld update_yields_and_return_mass(int p, int ¢

5 = allvars.i 24027 int 71;

[anh allvars.o double timestep_width; //Width of current t MZ :_,\"Z(M' ZO) +ZO . (M i Ml')

int TimeBin; //Bin 1in Yield arrays correspc

%8| beautify.sh 1353 double Zi_disp, NormSNIIMassEjecRate_actual

) calc_SNe_rates.o #ifdef INDIVIDUAL_ELEMENTS

o T o double NormsMIIYieldRate actual [NUM_ELEMENT MU
oy cool_func.o sendif

o elements.o double MassDiff; (JZ(I) - w(r - T) MZ(M, ZO) * ¢(M) dM

double timet, sfh_time;

o init.0 //double time_to_ts; //Time from high-z (ur ML
Eiio_tree.o j;‘cIS‘uble ':F:CTL\I;; .-'.-’I';1aximum '_Life‘timg if stars
st main.o || e T— g
=1 rmatale n EJ I - i ; f . . o
Imﬁ matsle o Ell . Problems | ¥ Tasks _-.E Console | E1 Propemes.E Console Mqterlal ejeCted into the Co/dGaS or HotGas’ from
the stellar disc, bulge, and halo stars, according to

the chosen GCE set-up

update_yields and return_mass()is called from main.c,
after star formation, merging, and black hole growth.



GCE makefile options

In My_makefile_options are the following GCE switches:

e OPT += -DFEEDBACK_COUPLED_WITH_MASS_RETURN: Switches on coupling between SN
feedback and the chemical enrichment model.

e OPT += -DINDIVIDUAL_ELEMENTS: Switches on tracking of all 11 individual chemical elements.
e OPT += -DMAINELEMENTS: Switches on tracking of only 5 key chemical elements.

e OPT += -DMETALRICHWIND: Switches on galactic winds with a metallicity independent of that in
the ISM.

o OPT += -DSNIATOHOT: Switches on direct enrichment of the CGM/ICM by SNe-la in the stellar disc.

e OPT += -DPORTINARI and -DCHIEFFI: Switch on the SN-II stellar yields of Portinari et al. (1998) or
Chieffi & Limongi (2004).

e OPT += -DBIMODALDTD and —=DGAUSSIANDTD and ~-DPOWERLAWDTD and —DRUITERDTD:
Switch on one of the possible SN-la DTDs.

o OPT += -DINSTANTANEOUS_RECYCLE: Switches on instant return of metals at time of star
formation, rather than at time stars die.



Past & future GCE projects



The Milky Way
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The Milky Way

Chemical variations with radius and height Minchev+14
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Early-type galaxies

Relations between key stellar population properties are simultaneously matched
age, mass, [Fe/H] and [a/Fe]
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Intracluster medium

A highly-enriched ICM is now obtainable with improved infall/FB modelling and
fairer comparisons to observations

Yates+17
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Intracluster medium

But we need to be careful not to destroy the consistency with other types of systems...
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M*-

Zg relation

12 + 109(0/H)coi0

oo
w

Previously a good match to the
z=0 MZ R

Yates+13

9.5

i
o

8.0

T T T T T T T T

L—Galaoxies (w/ new GCE)
L—Galaxies (w/o new GCE)

T T T T T T T T T T T T T T

10.0 10.5
IOg(M.) [MG)]

log (O/H)+12

9.2

9.0

8.8

8.6

8.4

8.2

8.0

But what is the true MZgR?...

Kewley & Ellison 08

llll

L) I | B D I | I | N B A I | (70 AN O | I I |

... TO4(1)

Qi
¥, ]

(L)

KKO4 3)
|_._.. KDO2 (4)
| _ _ . M91 (5)

lllll]ll1llllllllllllllll]llll

8.5 9.0 9.5 10.0

log (M)

10.5 11.0




M. - Zg relation

Kennicutt Krumholz
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Metallicity gradients
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Metallicity gradients in
the gas & stars are the
next big step
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Dwarfs & bulges

Metallicity distributions in Local
Group dwarfs:

(use ELUCID or Caterpiller
haloes?)

Metallicity distributions in the
MW bulge:

(multiple formation epochs
and/or mechanisms?)
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