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CLOUDY 94 AND APPLICATIONS TO QUASAR EMISSION LINE REGIONSGary J. FerlandDepartment of Physi
s and Astronomy, University of Kentu
ky, USARESUMENSe des
riben los desarrollos re
ientes del 
�odigo Cloudy, en su versi�on 94,realizados a partir de la versi�on anterior C90 (Ferland et al. 1998), as�� 
omo suapli
a
i�on a regiones de l��neas de emisi�on en 
uasares. Este 
�odigo, desarrolladode la forma en que un observador 
ontruir��a un espe
tr�ometro, es una herramientapoderosa para obtener la 
omposi
i�on qu��mi
a del gas y la luminosidad de 
ualquierfuente de l��neas de emisi�on. El avan
e re
iente m�as importante es el modelo \Lo-
ally Optimally-emitting Cloud" (LOC) para la regi�on de l��neas de emisi�on en AGN(Baldwin et al. 1995). Se muestra que varios efe
tos de sele

i�on, junto 
on la am-plia gama de 
ondi
iones del gas, impiden obtener informa
i�on sobre los detalles delos emisores. Esto es un avan
e importante que permite 
on
entrarnos en la infor-ma
i�on relevante, 
omo son la luminosidad y 
omposi
i�on qu��mi
a de los 
uasares.ABSTRACTThis review dis
usses the most re
ent developments of the plasma simulation
ode Cloudy and its appli
ation to the emission-line regions of quasars. The long-term goal is to develop the tools needed to determine the 
hemi
al 
ompositionof the emitting gas and the luminosity of the 
entral engine for any emission linesour
e. Emission lines and the underlying thermal 
ontinuum are formed in plasmasthat are far from thermodynami
 equilibrium. Their thermal and ionization statesare the result of a balan
e of a vast set of mi
rophysi
al pro
esses. On
e produ
ed,radiation must propagate out of the (usually) opti
ally thi
k sour
e. No analyti
solutions are possible, and re
ourse to numeri
al simulations is ne
essary. I amdeveloping the large-s
ale plasma simulation 
ode Cloudy as an investigative tool forthis work, mu
h as an observer might build a spe
trometer. This review des
ribesthe 
urrent version of Cloudy, version 94. It des
ribes improvements made sin
ethe release of the previous version, C90 (Ferland et al. 1998).The major re
ent appli
ation has been the development of the \Lo
allyOptimally-Emitting Cloud" (LOC) model of AGN emission line regions (Baldwinet al. 1995). Powerful sele
tion e�e
ts, introdu
ed by the atomi
 physi
s and lineformation pro
ess, permit individual lines to form most eÆ
iently only near 
ertainsele
ted parameters. These sele
tion e�e
ts, together with the presen
e of gas witha wide range of 
onditions, are enough to reprodu
e the spe
trum of a typi
al quasarwith little dependen
e on details. The spe
trum a
tually 
arries little informationto the identity of the emitters. I view this as a major step forward sin
e it providesa method to handle a

idental details at the sour
e, so that we 
an 
on
entrate onessential information su
h as the luminosity or 
hemi
al 
omposition of the quasar.Key Words: ATOMIC PROCESSES | LINE FORMATION1. INTRODUCTIONNearly all quantitative information we have about the 
osmos, whether H II regions, planetary nebulae,Seyfert galaxies, or high redshift quasars, 
omes from analysis of spe
tros
opi
 observations. Spe
tra 
an153
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154 FERLANDdetermine the 
hemi
al state, sour
e luminosity, or kinemati
 state, and infer impli
ations for the 
hemi
alevolution of the Universe. In all of these 
ases a 
ompa
t energy sour
e (whether bla
k hole or star) produ
es anenergeti
 
ontinuum that is repro
essed into lines and 
ontinua by surrounding gas. The thermal and ionizationstates of the gas are set by a host of mi
rophysi
al pro
esses, many at the frontier of atomi
/mole
ular physi
s.On
e produ
ed, the in
ident and emitted radiation must be transferred through opaque media. This set ofstrongly inter
oupled problems must be solved simultaneously. I developed the radiative spe
tral synthesis
ode Cloudy, to do just this. 2. CLOUDY 94Real non-equilibrium plasmas are extremely 
ompli
ated, with a vast network of intera
tions betweendi�erent atomi
 pro
esses and between the same pro
esses operating at di�erent rates in di�erent regions ofthe medium. The range of s
ienti�
 problems that 
an be ta
kled depends heavily on the degree of simpli�
ationin the 
ode; there are many new lines of resear
h awaiting a better simulation. The �delity of the simulationin
reases as the power of the 
omputer makes more things possible, and the a

ura
y 
an also be improved asthe atomi
 database advan
es. Methods to validate predi
tions must be developed sin
e analyti
 answers areseldom possible. As a result the development of a simulation 
ode like Cloudy is never 
omplete.Both the sour
e 
ode and the do
umentation for Cloudy are openly available on the web at the addresshttp://www.pa.uky.edu/�gary/
loudy. Other authors use it to produ
e roughly 100 papers per year. Theprevious gold version of the 
ode was version 90, reviewed by Ferland et al. (1998). This do
ument dis
ussesimprovements made in developing the 
urrent version, 94, released in late 1999.2.1. Re
oding in CCloudy was originally written in FORTRAN 66 and migrated to FORTRAN 77 during the 1980's as 
om-pilers be
ame available. It 
ould not go to Fortran 90 or 95 and remain a

essible to the Open-Sour
e/Linux
ommunity sin
e GNU does not support modern Fortran. Fortran 
ompilers 
an be pur
hased but these tendto be expensive.I moved the 
ode to C to take advantage of strong Open-Sour
e support and to insure the future employa-bility of my graduate students. A person who does not fall into the traditional resear
h 
areer path 
an easily�nd programming jobs at major astronomi
al 
enters if they are 
uent in C. In
oming students often have astrong ba
kground in C and retraining them as Fortran programmers is not in their long-term interests. Cloudyis now roughly 160k lines of 
lean C, meaning that the sour
e �les 
an be renamed to �le names ending in\
pp" and then 
ompiled and linked as a C++ 
ode. The 
ode will move to C++ as g

, its standard libraries,and the ANSI/ISO C++ standard, all mature. This 
onversion pro
ess is dis
ussed further in Ferland (2000).2.2. The Ionization/Thermal KernelCloudy is designed to be both autonomous and self-aware. It will probably automati
ally 
onverge a modeland 
ertainly 
omplain if it en
ountered problems.The 
ode's ionization/thermal balan
e kernel was rewritten to in
orporate all lessons learned from problemsen
ountered. This kernel, the very 
ore of the simulation, is a new 
ode. The rewrite in
luded global 
hangesto make parallel pro
essing possible. MPI, the growing standard for parallel 
ontrol, is used as an option. C94is now faster than C90 was, even on s
alar ma
hines.Other 
hanges were possible be
ause of improvements in 
omputers. Cloudy 
ould not use double pre
isionvariables when originally written be
ause of the time and memory penalty. Fun
tions like exp and log were alsoslow. Today's ma
hines are very eÆ
ient at evaluating su
h variables so there is little time penalty. As a resultthe algorithms 
ould be 
hanged to do better physi
s without making the 
ode suitable only for super
omputers.The biggest example of this is in appli
ations to very low-density media. The 
ooling fun
iton and itsderivative would under
ow for a density less than 10�4 
m�3 when single pre
ision was used. This for
ed alow density limit for the 
ode. This part of the kernel is now in double pre
ision, and there is no low (or high)density limit.
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CLOUDY 94 1552.3. Automati
 Validation of ResultsReliability in the fa
e of 
omplexity is the single biggest hurdle to developing any large 
ode. Cloudy now
onsists of over 160,000 lines of 
ode, and a mistake in one of them 
ould invalidate the entire simulation. The
ommunity developing su
h 
odes like Cloudy has always been highly 
ollaborative, sponsoring meetings on aregular basis to 
ompare predi
tions of various 
odes (see Ferland et al. 1995). This provides a framework forverifying overall predi
tions of any other plasma 
ode.Anything as large and 
omplex as Cloudy must be thoroughly exer
ised and its predi
tions veri�ed everytime it is 
hanged. It has always had an extensive set of test 
al
ulations, but these were only re
omputed and
he
ked several times per year be
ause of the labor involved. As part of the expansion to C94 I developed aset of 
ommands and Perl s
ripts to automati
ally 
on�rm that the 
ode obtains expe
ted answers for all testsevery single night. This already has had payba
k in the qui
k and automati
 dete
tion of bugs as soon as theyare introdu
ed.The 
ode also 
ondu
ts a large number of internal 
he
ks during a 
al
ulation. Important quantities are
al
ulated by two independent routines and their agreement is veri�ed. The goal is to make the 
ode wiseenough to automati
ally 
at
h errors or questionable results (Maguire 1993), and this is often the 
ase today.2.4. All Emission Lines in a Common Data FormatEmission lines were originally added as idiosyn
rati
 individuals. This organization be
ame impossible asthe number of lines grew|there are now well over a million spe
tral lines. All lines, whether H I 21 
m orFe K�, have 
ommon data handling needs. A single emission line data stru
ture was 
reated, and all linesmoved into this form. For internal book keeping purposes, there is really only one emission line, but there area million instan
es of it. This 
oding is ANSI C but is only a few keystrokes from be
oming a C++ 
lass. Thisis an important foundation for the move to exa
t line radiative transport methods, the next step in Cloudy'sdevelopment. 2.5. Charge TransferCharge transfer rates are needed for all ions of the �rst 30 elements. Previous work had supplementedexisting CT 
al
ulations with Landau-Zenner estimates for ions la
king a

urate data (Kingdon & Ferland1996). Ferland et al. (1997) extended this data set to in
lude highly 
harged ions. The needed data are now
omplete, although of modest quality. Charge transfer also a�e
ts the thermal balan
e of the gas. The post-transfer spe
ies 
y apart with kineti
 energy equal to the di�eren
e in the ionization energies of the spe
ies.Kingdon & Ferland (1999) showed that this 
ould a�e
t some 
louds and provided extended numeri
al �ts toin
lude all thermal e�e
ts. 3. THE LOC APPROACH TO ACTIVE NUCLEI3.1. Lo
ally Optimally-Emitting CloudsPlasma simulations were one of the very �rst large-s
ale appli
ations of 
omputers to astronomy (Bah
all& Kozlovsky 1969; Davidson & Netzer 1979). Ma
hines were slow and allowed only modest exploration ofparameters, but showed that the spe
trum was quite sensitive to the ionization parameter, the ratio of ionizingphoton to hydrogen densities. The homogeneity of quasar spe
tra was taken as an indi
ation that an unknownagent adjusted 
louds so that they had similar parameters. Why are quasar spe
tra so homogeneous?We developed the Lo
ally Optimally-Emitting Cloud (LOC) model of the BLR (Baldwin et al. 1995) as asimple solution. (\Cloud" in this 
ontext is any thermal material, in
luding winds su
h as Murray & Chiang1998 or Bottor� et al. 1997). Baldwin et al. show the predi
ted equivalent width of some of the strongest AGNemission lines as a fun
tion of 
loud parameters. Line emission peaks at some values of the parameters: powerfulsele
tion e�e
ts are at work. A parti
ular line only radiates eÆ
iently for parameters essentially determined bythe atomi
 physi
s, and peaks at the \
lassi
al" 
loud parameters dedu
ed long ago. The spe
trum is 
onsistent
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156 FERLANDwith no preferred parameters at all|simply a mix of 
louds with a very broad range of properties and atomi
physi
s sele
tion e�e
ts.Inhomogeneities 
learly exist a
ross most emission-line regions, as 
an be inferred dire
tly from reverberationmapping and from di�eren
es between the pro�les of emission lines from di�erent ions. Any realisti
 modelmust 
onsider this stru
ture. The LOC approa
h parameterizes this in a general way. First, large gridsare generated for ea
h emission line (Korista et al. 1997 shows many examples). Then, we integrate overthis data 
ube using distribution fun
tions, the goal being to understand what distributions are permitted orex
luded. Distribution fun
tions 
an take many forms in
luding power laws or fra
tal-like 
haos, but re
e
tthe distribution of inhomogeneities. In our tests, the sele
tion e�e
ts introdu
ed by the atomi
 physi
s are sopowerful that almost any fun
tion that is 
at enough to give some weight to all parts of the plane will work.Questions 
on
erning 
louds or their origin no longer enter|the spe
trum is mainly sensitive to ensembleproperties like metalli
ity or the shape of the ionizing 
ontinuum.3.2. Quasars as Probes of Massive Galaxy EvolutionThe ultimate goals are to use quasars as probes of the early evolution of massive galaxies and the z < 6universe. Baldwin and I organized a workshop (\Quasars and Cosmology", ASP Vol. 162) on this topi
 tosummarize 
urrent knowledge, and to promote new work.Our interpretation is that known 
orrelations between quasar emission line properties and luminosity are
aused by 
orrelations between the luminosity and properties of the host galaxy, espe
ially the metalli
ity. Thetheme is reviewed in a re
ent arti
le (Hamann & Ferland 1999).Korista, Baldwin, & Ferland (1998) shows that known 
orrelations between metalli
ity, 
ontinuum shape,and luminosity 
an reprodu
e the Baldwin e�e
t|the inverse 
orrelation between C IV equivalent width andquasar luminosity. After this paper was in press, Espey & Andreadis (1999) dis
overed a 
orrelation betweenan ion's ionization potential and the slope of the line's Baldwin e�e
t. They showed that Korista et al. hadpredi
ted this 
orrelation (although we did not realize it). That this was well �tted by the LOC 
on�rms thepredi
tive power of the model, and is highly suggestive that this physi
al pi
ture is generally valid.4. THE FUTUREThe improvements in astronomi
al instrumentation promised in the near future will be a major revolution.It will be possible to routinely obtain spe
tra from X-ray through IR wavelengths. The 
hallenge will be todevelop the analysis tools needed to fully interpret these observations.Numeri
al simulations of plasmas have always been limited by the available 
omputer power. This 
ausedworkers to take one of two approa
hes|either do a 
omplete job on the mi
rophysi
s or the radiative transport.Cloudy has always taken the �rst approa
h|the mi
rophysi
s is as 
omplete as possible, but all lines aretransferred with es
ape probabilities. The es
ape probability formalism is known to give exa
t results whenthe line sour
e fun
tion does not vary a
ross the forming region (Elitzur 1992). Conditions do vary, of 
ourse,and it is simply not known how strongly this a�e
ts predi
tions. Today, there is no de�nitive 
al
ulation thatdoes both the mi
rophysi
s and the radiative transport exa
tly.The in
orporation of exa
t radiative transport methods into Cloudy will be the next major improvement.The kernel and emission line stru
ture rewrite des
ribed in se
tion 2 above was done with this in mind.The 
ombination of ever-faster pro
essors, with the development of the a

elerated lambda operator method(Rybi
ki & Hummer 1994 and referen
es 
ited there), both make this possible and timely.I want to thank the organizers of this 
onferen
e for a wonderful experien
e. The development of Cloudyand its appli
ations to AGN has been supported by the National S
ien
e Foundation and NASA.REFERENCESBah
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