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Motivation:Why chemistry?

® Modeling:
- Chemistry and cooling determines the
- The equation of state of the gas regulates gravitational
instabilities and

® Comparison with observations:
- Astrophysical objects are often observed through the

- A comparison with hydrodynamical simulations requires
to include these species in the
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Motivation: Line emission in young stellar objects

2.4-25 pm Spectrum of Dust Embedded YSO W33A
[SO Short Wavelength Spectrometer; Gibb et al. (2000)
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| D structure of photodissociating regions
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Figure 31.2 Structure of a PDR at the interface between an HII region and a dense
molecular cloud.

Bruce Draine (201 1)
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3D structure of turbulent molecular clouds

CH+0-=CO+H

Szucs et al. (2014)
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Line emission from z~6.4 quasars
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Modeling:
Fragmentation and the equation of state

loge N
log,s N

Li et al. (2003)
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Evolution of self-gravitating disks

long cooling time short cooling time

Rice et al. (2003)
Realistic cooling timescales require chemical modeling!
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hermal evolution for different densities and metallicities
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Gas dynamics in 3D simulations

g’: LN 5 (pV) — Continuity
85: -V - (pvv)+ VP = pg  Euler
OpE |
5 V- [(pE+P)v] = pv-g te?\teargy
0pe

| V°[(,0€+P)V]—V-VP=A internal

energy

ot
Vng(x) — 47TG,0(X) Poisson

see e.g. FLASH documentationn
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Chemistry and cooling

kT
|deal gas: pe=-2_=_°
& =1 Kr—1)k

Need to determine heating and cooling term.
Dependence on temperature and chemical composition!

Z
Rate equations: 0 V-t = RE (=1, Nages)

VAR

chemical reactions:

treated by hydro KROME: high-order solver DLSODES
(see talk T. Haugboelle)

fluid advection:
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Structure of KROME

Embedding in framework code
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Example: Applications with Enzo

1 pc 0.1 pc 0.01 pc 100 AU

T40R0

T40R 10

3D AMR simulations with Enzo:

® (Magneto-)hydrodynamics
® Gravity
® Chemistry, cooling

® Dark matter

Gottingen, 17.09.2014

1 AU

Van Borm et al.

(2014)
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Non-equilibrium chemistry during collapse

Recombination ne 1

— m~J

. . t —
timescale: rec knenp  kxpe

Free-fall 1
° : Lgvn ~~
timescale: yn ™ /Gp

The ionization degree can only decrease
Untl| trec ~ tdyn.

Result:  xe ~ p~1/2

Xe Will not reach its equilibrium value!
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Formation of molecular hydrogen

A non-zero ionization degree
triggers H; formation:

H+H"™ — Hf +4,
Hif +H — Hpy+HT

H>* route:

H+e — H +1,
H +H — Hy+e.

H- route:

H+H+H — H2 H,
Three-body: H+H+He — Hy+ He,
H+H+H, — Hy+ H-.

see talk D. Galli for detailed discussion

Gottingen, 17.09.2014 D. Schleicher

Mittwoch, 17. September 14



Cooling by molecular hydrogen

Lepp and Shull (1983, red), Martin ot al. (1996, blue), Galll and Palla (1998, green)
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H> provides the path to cool below 10 K!
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Evolution in the presence of radiative backgrounds
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Primordial chemistry in high-resolution simulations
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Primordial chemistry solved with first-order solver
for different resolutions per Jeans length
-> NO convergence
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Comparison DLSODES with first order BDF
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KROME results (dashed line) converged,
large scatter in first-order BDF
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Comparison DLSODES with first order BDF
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Convergence of chemistry leads to convergence of
hydrodynamics (KROME: dashed line)
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Density, temperature and chemical structure
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The extremely metal-poor star SMSS J031300.36-670839.3

The oldest-known star in the Milky Way with an age of 13.6 billion years
(formation: 100 million years after the Big Bang).
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Metal abundances in SMSS J031300.36-670839.3

i L) L) ' L) L) L) L] l L) L) L) L) l L} L) L) L) i
| C O Na Al Ca Ti Cr Fe Ni Zn Sr |
N Mg Si Sc V Mn Co Cu
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The composition of the star is consistent with one single supernova
for metal enrichment and tells us the chemical initial conditions.

Keller et al. (2014)
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Metal cooling in KROME
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The public version already includes
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Chemical structure in the presence of metals
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Bovino et al. (2014)
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Metal-line cooling during collapse
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Interaction of metals and radiative backgrounds
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Formation of a carbon-enhanced metal poor star
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Further applications of KROME

e KROME on-the-fly and via post-processing in
simulations (see talk D. Seifried)

e KROME in simulations of
(see talk T. Haugbolle)

e KROME during the formation of
(see talk M. Latif)

e KROME in
(Friday afternoon session)

Gottingen, 17.09.2014 D. Schleicher
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Summary

® Chemistry should be included in hydrodynamical simulations for
the dynamical modeling and to foster the comparison with
observational data.

® The advection is treated via hydrodynamics, the chemistry via
KROME:

® A high-order treatment is required for high-resolution simulations.

® Current applications include:
formation of primordial stars, low-metallicity stars, supermassive
black holes, protoplanetary disks, galaxy mergers
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Enjoy the school!
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