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Cloudy QSG Chapter 1

+ Accurate simulation of physical processes at the
atomic & molecular level

—“universal fitting formulae” to atomic processes fail
when used outside realm of validity, and are not used

¢+ Assumptions:

—energy is conserved

— (usually) atomic processes have reached steady state
¢ Limits:

—Kinetic temperature 2.7 K< T <1010 K

—No limits to density (low density limit, LTE, STE) for 1
and 2 electron atoms

— Radiation field 30 m to 100 MeV

Simultaneous solution of
"+ Gas ionization
—From ionization balance equations
4 Chemistry
—Large network based on UMIST
+ Gas kinetic temperature
—Heating and cooling
¢ Level populations and emission
4 Grain physics
—Charging, CX, photoejection, quantum heating
¢ The observed spectrum
— Radiative transport

Cloudy is a microphysics code

+ Emphasis is on getting the atomic and
molecular physics right

¢ If we get the microphysics right, the
macrophysics will take care of itself

¢ Other codes have dynamics, shocks, 3D, as
an emphasis, sometimes using Cloudy to get
the microphysics

On the web

http://cloud9.pa.uky.edu/~gary/cloudy/CloudySummerSchool
B

+ Agenda for the workshop
—Includes copies of presentations
¢ Participant interests
+ ftp site with documentation, and examples

Osterbrock & Ferland

Astrophysics of Gaseous Nebulae

¢ There are three versions,
this is the 374

—Don called this on AGN3
+ Any version is OK

Astrophysics

of
Gaseous_ Nebulae

+ PDFs of some sections are
in the docs folder of the ftp
site
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Cloudy version C17 Documentation

. . v ¢17.00
+ We set this up, ran a model, and created plots, as ¢ QSG Quick Start Guide » 1 data
our homework last week ¢ Hazy 1, all commands M “‘l‘mx
+ PDFs of the Quick Start Guide, and the first two + Hazy 2, description of 2 hazyl.pdf
volumes of Hazy, its documentation, are in the output, comparison with [‘i’::fa'::"sin
docs folder of the ftp site observations # LineLabels.txt
+ Copies of the last three major reviews of Cloudy + Hazy 3, not compiled, rimsistr i
are also in the docs folder of the ftp site badly out of date, some = species-db-list.pdf
physics is described there . stout-refs-list.pdf
> doxygen
> gtsuite
> itsuite
» 1 library
- Itsuite
> scriots

§TA t0aNstONNIR Cl l & 4|| . ¢

Photowmt:ath pas for the Discriminating Astrophysictst Since 1978
Welcome to the Cloudy home page!
Doy 158 spectrs synihess cose desgaad 10 SMste CGAGRONS 1 erstekar Matter Under & broad raxge of Ongaens. 1t s raviGed for
General use under an open source Licen

Plate post question or problams on the Claudy  Sacussion baard. Updates to Coudy wil Sa anncunced on that Soard

€17.00, Is rofeased. Daver dicussas what is e, Fotow the SeplyS2ep Satructions for comnionding aad Isstaling the code, of 50

o the Downoaclnks page o sotai K. NewC1 i rprovements and Cramges

Cloudy Workshops Summer 2017

Queen’s University Belfast: 31 July « 4 August 2017 We are pleased 10 sanounce the Coudy Workshop 2017, which will be heid in the

Schost of Mathamatics ane PhySch 8t Queen's Untvewsy Ballst, For more Iformaticn, Or 1 register, vist - this se. Reglstration open
The Guillermo Haro advanced school on the lonized uriverse will be heid ot INADE ([rsbtuto Nacional de Astrofisics, Optica ¥

Electrinica, Tonantsintia, Puedls, Mexico) M’-M kﬂv 3rd to 14eh, 2017, The school will provide & o 3

853roach  the mocetieof ioad 0 in Sfflrest emironmenc, rom 4GB a0 e GRC N0

\ workshop led

Aurther into the togics Itroduced Guning the first week, with lectures by Glora Deigado-inglada (IA- W) Gary Fertang (University of

Kentucky), Chvistoshe Marsset (LA UNAM), Hagai Netzer (Tel Aviv Uriversity), Masue! Peimbert (1A-UNAM], ang Minica Rosriguez (INADE). Th|
websze has furthor details and structions for apslying fr the Schock. Registration closed

Getting started with Cloudy
>l X 2 The VideoPage has & video showing how £ Bulild aad run Cleud)
Quick Start Guide to CLoUDY C17 " '
StepbyStep atructions for Somnioading and Imtaling the release version, and runming the code on various platforms.
Or you can 9o straght to the Downloadlinks page.
StelarAzmospheres in Cloudy are now very Nexibie. They are described on s web site rather than in Mazy.
Cloudy & Associates Knows
PN o0 S oA o B 5 A e o S o B

https://www.nublado.org/

4 are descited en this Dage

www.nublado.org
May 27, 2007

Adsociates
Clowty ¢ piatealatel _— Cloudy & Associates

Phon viom Sim
X =/ o - ol iy | Sk Vo ng Artrophysiciss Since 1978 -
BT e T s ) preaey
Welcome to the Cloudy home page! [ T e T e e
oy 5 8 spect! syTihess code dessgaad 10 Sukae CondEONS 1 IessteSar Matter Under  browd range of Condans. It s proviced for Introduction to installing Cloudy
General use under an 0pen source Licens
Thvs page contains s2eD by sep Iatructions for Instating the Currant stabl veriion of Cicudy. Hazy, UM €Ol BOCumestation, s Incuded i the
Piaite post Guestion o prablems on the Cloudy  Sacussien board. Usdates to Cioudy will Se nncunced o thit Bosrd. downioad.
17,00, Is rofoased.  This pager discusses what is rew. Folow the SteplyStep Watructions for dowioading #nd istaling the code, o GO Each version of the code has 3 set of pages g o5 Page lists COMECtions that need to be Made to the downlosded source.
straight to the Downd ()!w-x Page 10 cOtan 1. NewC 17 expians Improvements and changes. These ace buj flxes At weve A0t Incuded i the version of the Ivallatie for Gownioad and used to generate the Output from the test suite.
56 the hot flxis should e apgied ater the test Sute has Boen run 820 YOUr SYSEM vaRALEd. A Knswnfrobiemi pIGE Hsts known Sreblems wen
Cloudy Workshops Summer 2017 that verson of the code. The Revisonistory pape It Fmprovements.
Queen’s University Belfast: 31 July - 4 August 2017 We are pled ‘e the Coudy Workshop 2017, wﬁx_‘- will De heid in the (.ge the (quumqwnmmww @ reference to the fast magor review of Cloudy, ~Fertand et al. (2017) example would be
$chost of Mathematics ang Physica st Queen's University Belfast, F 16, OF £ FIGIST, VIt 85 s5e. Reglstration open je used verson 17.00 of Cloudy, last described by Ferand et ai. (2017)". Then, years from Aow, when SOmesne wants 1o know how an answer
- ron ied in 1t can Be retrieed from the oid varsiom £. The print citation command wil s
The Guillermo Haro advanced school o modelins © Wl be heid a% INAOE (Instituto Nackna! de Astrefisica, Optica y r;‘"f:,":’;‘:‘,‘,,m;‘f' Xyplann shshoiradinltiodond oo o gty
Electrinica, Tonantzintia, Puedla, Mexico) from July 3rd The school will provs 3 3 -on
Approach 10 the modeling of inied i in Siffers (3, from AGE stars 10 ACtive GAMCHC Nucke, 10 an sudwence of up 10 40 young Settil versi
chers, mainly PRO students and post: k will consist of & Coudy 3hop led by Ferland. The second wil Gatve| Ing up this lon
further into the togics Introduced Poth ectures -inglada (LA-UNAM), Gary Fertand (University of Download the code, dat Socumint . vt conkeing & i fe describing " v
Kentucky), Ovistoshe Morsset (1A etzer (Tel Aviv University), Masues Peimert (IA-UNAM), and MSnica Rodriguez (INADE). This ;,“‘WV‘ S cadey ut, Sd RS SUctott et S GOl & oot - the Chrsiad Sy
websze has furthar detais and apstying for the Schoot. Registration closed

2. EStPath - Instrctions for how o specity where the data files are lecatod. Important! The code will not run If & casnct fied the Sata fées.

Getting started with Cloudy

The VideoPage has & vides showing how to Bulld aad run Cleudy.

CompiieCose - Bow 1o compie the code Lsing & variety of complers.

StepbySten Iatructions for Gowrioading 8~ IniANng the reiesse version, and runeing the code on varous platforma
Or you can 99 straght o the DuweloadLinks page.
StefiarAmaspheres in Choudy are now very exiie. They are described on N wed site rather than in Hazy.

3
-

5. Runade - This explaie how to execute the code

6. MpParatel describes how to Use the SOUMITE and §11E COMMANds on & paratel CUSter, Usieg ether NP1 or & makefile

7, Comoestars - You Must compde some stetar ata e F You Want o e the some of th Lable star command 1o nchde esbesc selar
Knawerotiens are desrited en s page

Hots (xes are mal COMectons to the 10urce that fix problems SHCOversd afar the Curreet statle versicn was relesed. 8. TestSuite 18 & large number of test Coves that you shoukd run t0 confirm that all s wel. Ths is & critical step snce & will check for Bugh in yeur
r. That Grectiry 8150 COmEAins & Group of Prograrms that show how to call the code 5 & Sudroutine.

https://www.nublado. org/




Where to go for help

¢ https://groups.yahoo.com/neo/groups/cloud
y_simulations/info

Cloudy - plasma simulations

0, D6m one 10t pente

Lumar Cmarsing

Cloudy - plasma simulations

O Pudic Group, 424 members

% Conversations @ Protos  WFdes  Abost  More v

Topics Messages

Caloulated emissivities to...

Introducing Gaussian noise to ato...

4 posts
Simulation warning: Transfer lonization reached 900% o
3 posts

Sill is not ionized by increasing ionization p..
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Running cloudy

¢ “run” file contains
/Users/gary/cloudy/trunk/source/sys_llvm/cl
oudy.exe -r $1 2> $l.err

o If file “model.in” contains input, then
¢ run model &
¢ Produces output “model.out”

¢ The model will run in the “background”
when the line ends with &

Runtime options

¢ Appear after cloudy.exe
¢ Described
¢-r
— | use this in my workflow
—Required for grids to work

— Study the options and consider what is best
for your workflow

The test suite

" onpes
¢ Fully tests the code after any > B source
changes v Im tsuite
“ B » . > auto
—“Monitors” allow automatic > BB crash
comparison of current with » = experimental
previous results » 1 mpi
. > plots
¢ Provides examples of how to » I programs
use Cloudy > i slow
. ¥ clean_tsuite.pl
—But may include e)gtraneous B mem-monitor
commands for testing ¥ ReadMe.txt

rerun_parallel.pl
run_balanced.pl

— Or backwards compatible .

¢ Useful examples of how to set : run_parallel.pl
v
L4

. . run_service.pm
up a simulation RunServiceBal.pm

sim template txt
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Minimum to run Cloudy

+ Hazy 1 Section 1.2

¢ Must specify

—SED - shape of the radiation field
striking the cloud

— Flux of photons per unit area
—Gas density
+ May also specify

— Gas composition, grains (grain-free solar
composition by default)

—Gas equation of state (often constant density)

— Stopping criterion, often lowest gas kinetic
temperature or physical thickness

’
Let’s model a ... Parameters — the SED shape
+ Relatively dense, ¢ Quick start guide Chapter 5, Hazy 1,
ny=10% cm?3 Chapters 4, 6
+ ISM cloud ¢ Can be specifiedasa " q‘/
+ Ionized by an 06 star fundamental shape V7 VN
such as a blackbody )
. . ! X
¢ Or by interpolation - Vb
on a table of points - / {
] 4 I
L I
¢+ Rydberg — the 1
ionization potential ! T sa00K
of hydrogen sor I
o
Table 2.3
Calculated Strismgren radi as function of spectral types spheres AGN3
lgnongd  Togmay? o Command deck to do this
Spectral log @H  minem s minem S o =n, —
type T, (K} My (photons/s) Fyinpe rinpe = lem™
03V 51200 578 407 49.18 626 12 + Blackbody 4.36e4 K
oV 48700 535 45970 4899 609 107
45V 47,400 -5.44 49,61 48.90 6.00 100
o5V &6, 100 —-53 4053 48.81 592 w4
055V 44,800 =522 49.43 4872 582 87
06V 43,600 =511 4934 4861 im a1
065V 42,300 —4.99 4923 4849 562 75
oV 41,000 -438 49.12 4834 5.51 &9
[srE A 39,700 —4.77 49,00 48.16 539 63
08V 38,400 =466 4887 4792 526 57
DRSSV 37,200 —4.58% 4872 4763 Al 51
09V 35900 443 48.56 4135 498 45
05V 34,600 -4.32 4838 46.77 477 k]
BOV 33,300 =421 48.16 4623 455 13
BOSY 32,000 -4.10 47.90 4569 429 rx)
o3m 50,960 —6.09 49,599 4930 638 134
BO.S M 30,200 =531 4827 4586 4.66 36
03 la 50,700 —64 50.11 4941 6.50 147
0951a 31,200 —65 4917 4117 5.56 7
MNote: T = 7,500 K assumed for calculating oy,
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Commands — Hazyl Chap 3

¢ Free format keywords and numbers
¢ Commands end with empty line or *****

¢ Many numbers are logs, check Hazy1l
carefully

SED brightness

¢ QSG Chapter 5, Hazyl Chapter 4 and S

¢ The atomic physics is determined by the
flux of photons hitting the cloud’s
illuminated face

¢ Units
photons cm™? 571

Ratactes A
s \ 21 omne

Incident ] E——

Figure 2.1: Several of the radiation fhekds that enter ia the calcalations.

SED brightness

+ QSG Chapter 5, Hazyl Chapter 4 and 5
¢ Luminosity case

— Specify total photon luminosity

—Predict line luminosities
+ Intensity case

—In a resolved source, often work with surface
brightness, or line intensity

— Specify flux of photons striking cloud, predict
emission per unit volume

SED brightness — the luminosity case

¢ Specify Q(H) — the number of ionizing
photons -
—~AGN3 p18 ©QH") =[ 7.;.‘7‘/"

—Inner radius of cloud must
be specified, since
@ (H)=Q(H)/4n r?
— predicts emission line
luminosities
erg s’
+ Luminosity, total or in
H-ionizing radiation, can
be set instead

Table 2.3

Calculated Strémgren radii as function of spectral types spheres AGN3
log nnyri  logmngry ry (pe)
Spectral log @H"  ninem™  minem™ o, =n,
type T, (K) My (photons/s) ryinpe rinpe = lem™
03V 51,200 =578 4987 4918 6.26 2
o4V 48700 555 49,70 4899 6.09 107
045V 47,400 -5.44 49,61 48.90 6.00 100
sV &6, 100 —-53 4953 4881 59 w4
OS5V 44800 -522 49.43 4872 582 87
06v 43,600 =511 4934 4861 573 81
063V 42,300 —4.99 4923 4849 562 5
oV 41,000 -438 49.12 4834 551 &9
015V 39700 477 49.00 48.16 539 &
08V 38,400 =466 4887 4792 5.26 57
OESV 37200 458 48.72 4763 511 51
09V 35900 —443 48.56 4125 495 45
095V 600 -432 4838 46.77 477 k]
BOV 3,300 =421 48,16 4623 455 kx]
BOSY 32000 —410 4790 45.69 429 7
o3 50960  —6.09 49.99 4930 638 134
BOSIN 30200 —531 4827 4586 4.66 6
03la 50,700 64 0.1 49.41 650 147
0951 31,200 65 4917 4117 556 7

Moe: T = 7,500 K assumed for calculating g

Command deck to do this

¢ Blackbody 4.36e4 K
+ Q(H) 49.34




Radius command, Chap 9.10

¢ If luminosity is set then the radius, the
separation between the star and the
illuminated face of the cloud, must also be
specified
+ Radius command
—log radius in cm by default

—Linear, or parsecs, can be used by setting
optional keywords

+ Let’s put our cloud 10'¢ cm from the star

SED brightness — the intensity case

+ Specify ¢(H) — flux of H ionizing
photons per unit area
— predicts surface brightness,
emission per unit area
erg cm2 st
—Inner radius of cloud does
not need to be specified
+ Ionization parameter also can
be used to set @(H)

a2
o) =2H) _ [ 2R (631)
dxrl v

U=

1 ot 2
+ f “dv (13.6)
axrionyly, W

Xi — an x-ray ionization parameter

Hazy 1

5.16 «xi-0.1

Tarter et al. (1969); Krolik et al. (1981); Kallman and Bautista (2001) define an ionization
parameter & given by

ergems”'] (5.12

- 1008 I
¢ = (4x) Jodv/n(H) = "
& = (4x) /m wdv/n(H) niH) 2

7/31/17

Command deck to do this

¢ Blackbody 4.3e4 K
+ Q(H) 49.34
+ Radius 16

+ We will try different radii later

Ionization parameter

+ Dimensionless ratio of hydrogen to ionizing
photon densities

' 1 o 47
U= %/ —dy= ——+—,
drxréenyt,, hv 4rrecny

0 (H%)

v

oo g
n(x“)/ 4;’"‘a..<x")dv=n<x“)r(x*')

=n(X* "l)n,a(;(X'H. ),

(14.7)

(2.30)

Cloud density, Hazy 1 Chap 8

¢ “hden” command, Chapt 8.8, sets log of
total hydrogen density, cm™
+ Constant density by default
—the H density is the same across the cloud
¢ Other equations of state possible

— Constant pressure, dynamical flows,
power-laws




Let’s model a ...

+ Relatively dense,
ng=10* cm?

+ ISM cloud

¢ Ionized by an O6 star

“zones”

+ Divide cloud into thin
layers called “zones”

zone does not change

¢ Temperature and e
ionization within each 2o

7/31/17

Command deck to do this

¢ Blackbody 4.3e4 K
+ Q(H) 49.34

+ Radius 16

¢ Hden 4

A ““unit cell”

+ We will sometimes model a cubic cm of
matter

¢ Lots faster 7 simpler
+ A “unit cell”, 1 cm?

¢ These commands do a single “zone” that is
log(dr)=0 (or 1 cm) thick
—stop zone 1
—setdr0

Veececcded

Command deck so far

¢ Blackbody 4.3e4 K
+ Q(H) 49.34

+ Radius 16

¢+ Hden 4

+ stop zone 1
+setdr(

Composition, Hazy 1 Chap 7

+ Solar, no grains, by default
¢ Other standard mixtures possible,
¢ Stored in data / abundances

¢ The composition used is reported at the top
of the main output

Gas Phase Chemical Compesition
Hoio 0.0000 He: -1.8223 Li:r-10.2676 8 1-10.8506 C : -3.5229 N : -4.3
Mg: -5.5229 Al: -6.6990 Si: ~5.3070 P : -6.7959 S : -5.8048 C
Ti: <0.2366 ¥ :-10.0000 Cr: -3.0080 Mn: -7.6383 fe: -5,

549

vt -8.4239

Grain Chemical Ceaposition
€1 -2.0259 07 -D.9526 Mg: -4.3347 Sii ~4.3547 Fei -4,3547

01 -3.3979 Ne: -4.221
08 Ar: -5.5229 K : -1.958
i: =2 n




Let’s model a ...

+ Relatively dense,
ng=10* cm?

+ ISM cloud

¢ Ionized by an O6 star

¢ The ISM is dusty, and
some elements are depleted
by condensation onto dust
¢+ Abundances ISM
—Chapt 7.4.3

7/31/17

Command deck so far

¢ Blackbody 4.36e4 K
+ Q(H) 49.34

+ Radius 16

¢ Hden 4

¢ stop zone 1
¢setdr(

¢ Abundances ISM

Background cosmic rays

¢ Interstellar chemistry requires a source of
ionization to work

—To get over “activation barrier” in reactions

¢ The chemistry network will fail in
unphysical ways if ionization is not present

¢ Galactic background cosmic rays provide
this ionization in nature

4 Cosmic rays background, Chapt 11.6.1

Command deck so far

¢ Blackbody 4.3e4 K

+ Q(H) 49.34

+ Radius 16

¢ Hden 4

¢ stop zone 1

esetdr(

¢ Abundances ISM

+ Cosmic rays background

“Save” output

¢ Requested with various “save” commands
—Hazy 1 Section16.35 and later

¢ This is the main way I extract results

+ Keyword to specify what to save

+ Filename to set where to save it

+ Set save prefix “name”
—Prepends “name” to all save files

A note on quotation marks

¢ Office products will put “smart quotes” in
our examples

¢ C++ requires straight quotes.

set path "example"

save overview "




Save files
+ Save emitted continuum “filename”
—Photon energy is Rydberg by default
— Change to microns with keyword units
— Units microns
+ Save overview

— Useful information such as gas temperature
and ionization

+ Save element name
— Saves ionization of element specified

The “main output”

¢ The *.out file created when code is executed
—QSG 7.1 & Hazy 2 Chapter 1

¢ Gas & grain composition

+ Physical conditions in first and last zone

+ Emission-line spectrum

¢ Mean quantities

Check end of output

Cloudy ends: 1 zone, 1 iteration, 4 cautions. (single thread) ExecTime(s) 8,80
[Stop in cdMain at ../maincl.cpp:517, Cloudy exited OK]
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Command deck so far

— Set save prefix “HII”

—Blackbody 4.3e4 K

—Q(H) 49.34

—Radius 16

—Hden 4

—stop zone 1

—setdr0

—Abundances ISM

— Cosmic rays background

— Save overview “.ovr” last no hash

— Save element hydrogen “.hyd” last no hash
— Save emitted continuum “.econ” units microns

Warnings, cautions, notes

¢ Cloudy is designed to be autonomous and self aware

¢ Generates notes, cautions, or warnings, if conditions
are not appropriate.

se NIONE reached. Iteration 1 of 1
arallel.

was thick. Use the ITERATE command to do more iteratioss,
wos thick, Use ITERATE comeand to do more iterations.
ITERATE cossand to do wore iterations.

1, 32.8% of that was photolonizaties.

10 1X1] 4363 reaches
Longest timescale was

N of the tota
5.40e+08 5 = 1716401 years.
te reached 63 tal,

428 3
5% of the tol

VERY ot
his is added with the O cosmand.

Break into 6 groups, do 6 radii

+ Radius. (log, cm)
-13
-15
-17
-19
-21
-23

10



