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Capítulo 1 

Abstract 

The present work focuses on determining and understanding the physical and statistical 

properties of interstellar clouds, primarily employing numerical simulations of the turbulent 

ISM by Vázquez-Semadeni, Passot, & Pouquet (1995a, 1996); Passot, Vázquez-Semadeni 

y Pouquet (1995), and comparíng the propertíes of the clouds arísing in those simulations 

with observational data. The most important results are: 

l. The douds in the numerical simulations have comparable kinetic, mag11etic and gra

vitational energies (Ballesteros-Paredes & Vazquez-Semadeni 1995) in spite of not 

lwiuv; in Pt¡Hilibrium. Tlms. c11Prg,y equipartitiou doPH not. rH'cessarily imply virial 

equilihriurn. 

2. Tlw doud.s in thc mmwrical .sinmlatious are uot "virialized'' (i.e .. are not in vfrial 

equilibriurn) (Ballesteros-Paredes & Vázqucz-Semadcni 1997). lrnt ha.ve in general 

noll-1/.('IO values of tlw secon<l ti11w-dcrivative of thcir mom1:11t of inertia. In tlH' 

sinnila.tions, the clonds a.re rlynarnical entitics. chaugiug thcir shapes end exchangiug 

tuass, (~IH'rgy aud mom¡•utnm with thcir surrouudiug rnedimu. 

3. Tlw clouds iu thc nmuerica] sinmlatio11s reproduce t.hc vclocity dispcrsion-sizP rda

t.ionship ohscrved íu real clonds (L;usou 1981), bnt do not follow tlw mean deusity-sizc 

rdationshí¡l. This resnlt ¡;;npports the snggestion that thc fornwr rclationship may 

original<:' directly as a conseq111:ncc of thc energy spedrurn of the turhuh~11ct'. while 

tlw observat.iona.l dPmüt.y-size relatiouship may he an a.rtifact of sensitivity limita

tious of ohserva1ional snrveys (Vaiqucz-Semadeui. I3allcsti"ros-Fan•des & Rodrígw~z 

1997). 

4. TlH· douds in tll(• nUUH'rical sinrnlat.ious also sc<·rn to rt'pro<1llet' tbc mass spl'ctnuu 

of thc elonds (Vázqw•z-Semadeui, Dallcstcros-Parech~s & Rodrígrn·z Hl!J7) . 

. 'j_ Both Sll¡J('r-Alhúiic aud sub-Alfvl~11ic vdocities are fom1d iu t.lw clouds in tlw nunw

rica.1 simnlatious (Ilallesteros-Parcdes. Vázqucz-Scmadeni & Scalo 1999). contrary to 

the standard assumption that rnot.iorn; withiu molecular doud:-; arp suh-Alfvénic. 

1 



§1 Abstract 

6. The clouds in the simulations do not have sharp boundaries. Instead, the density 
field is continuous and the velocity field <loes not show shocks at the edges of the 
clouds (Ballesteros-Paredes, Vázquez-Semadeni & Scalo 1999). 

7. The clouds in the simulations are turbulent density fluctuations, i.e., the densíty 
peaks are due to the advection of mass produced by the velocity field (Ballesteros
Paredes, Vázquez-Semadeni & Scalo 1999). It is also suggested that the apparently 
sharp boundaries of the interstellar clouds are due to a phase transítion between the 
atomic and molecular regimes, as has been suggested by other authors (e.g., Blitz 

1991). 

8. It is also predicted that the magnetic field must have reversals wíthin clouds as a 
consequence of the advection of the magnetic field (Ballesteros-Paredes, Vázquez
Semadeni & Scalo 1999). 

9. For an effectively polytropic gas, gravitational collapse triggered by the external 
turbulence cannot be stopped unless the effective polytropic index ,eff changes during 
the process. This may not occur until proto-stellar densities are reached (Ballesteros
Paredes, Vázquez-Semadeni & Scalo 1999). 

10. Cloud formation by larger-scale stream collisions may cause simultaneous compres
sion along elongatcd regions, which, based only on their internal velocity dispersion, 

might appear to be causally disconnected. This process has been invoked as a possi
ble solution of the so-called Post-T-Tauri problem in Ballesteros-Paredes, Hartmann 
& Vázquez-Semadeni (1999). 

2 



Capítulo 2 

Resumen 

El presente trabajo se ha enfocado a determinar y entender las propiedades físicas y esta

dístícas de las nubes interestelares, empleando fundamentalmente simulaciones numéricas 

del Medio Interestelar (ISM) utilizando el código de Vázquez-Semadeni, Passot & Pouquet 

(1995a, 1996); Passot, Vázquez-Semadeni y Pouquet (1995), y comparando las propiedades 

de las nubes de las simulaciones con datos observacionales. Los resultados más importantes 

pueden resumirse asf: 

l. Las nubes en las simulaciones numéricas tienen energía cinética, magnética y gravi

tadonal similan,;, (BallP-Htf'ros-ParPnf's & Vá7,quez-Semadeni 1995), aunque no estén 

en equilibrio. Eutou<·Ps, la Pquiparti('ión de la energía no rn~et'sttriauientf' implica 

cquifü>río virial. 

2. Las nubes en la,; sirnu]aciom•;-; nurnfaica¡; no csán '•viria.Jizarlas'" ( es dpcir. 110 están en 

equilibrio virial) (Ballesteros-Paredes & Vázqucz-Scmadf'ni 1997). Por el ('Olltrario, 

tiPm•u valores no nulos ck la scg;u11da derivada dd nwrncrito de íncrcía. Eu las sima

lacioucs, las nubes so11 euticladcs dinámicai'i, carnbiaudo su forma e iutc~n-ambiando 

wa:sa. !'IH'rgía y rnüllll!llto con el medio lpie las rodea. 

3. Las uulwH cu la:-; siumlacioues 11m11éricas reproducen la rdaciém clispcrsíém fk vdod

darfos-tama.110 obs(~rvadtt para nube:-; rNtlcs (L,uson 1981), pero no Higneu la rd-teión 

dc~nsidad me<lia-tamaüo. Este resultado confirma la sugerencia cfo c1uc la prinwra 

rPlacióu pncde ser conHecueucia del cspect.ro de energías de la turbnkucia. mientras 

que la rdacióu obs8rvacioual dcusidad media-tamaño puede ser una cousecuencia 

de las limitacimies (!ll sPw,it.ividad d1~ los n·usos obfwrva.cionaks (Vázqucz-Scuuvkni. 

I3all<•st1!rns-P,m~1ks k HfHlrígucz 1097) . 

. 1. Las 1111lws 1iu las simulac-ioncs 1m111{•rints n·prodncen el (!SJH·ctro de masas tk las u11h1·~ 

obsc0 rva.da:, (V:tzqnr·z-S!•rnadPni. Ballesteros-Paredes&. HodrígHPZ 1997). 

S. La.~ 1mbcs en las sirnulacioues 11mnéricas presentan tanto velocidadeH super- como 

Huh-alfvénicas (Ballesteros-Paredes. Váz(1t1cz-Scmadeni & Scalo Hl99), contrario a 

la suposición estándar de que los movírnicutos dentro de las uubcs moleculares son 

suh-alfvénicos. 
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§2 Resumen 

6. Las nubes en las simulaciones no presentan fronteras abruptas. Por el contrario, el 

campo de densidad es continuo y el campo de velocidad no presenta choques en las 

orillas de las nubes (Ballesteros-Paredes, Vázquez-Semadeni & Scalo 1999). 

7. Las nubes en las simulaciones son fluctuaciones del campo turbulento de densidad, es 

decir, son producto de la advección de masa por el campo de velocidad (Ballesteros

Paredes, Vázquez-Semadeni & Scalo 1999). Se sugiere también que, observacional

mente, las fronteras abruptas de las nubes interestelares se deben a una transición 

de fase entre los regímenes atómico y molecular, como ha sido sugerido previamente 

por otros autores (Blitz 1991). Se predice también que el campo magnético debe pre

sentar inversiones ( reversals) dentro de las nubes, como consecuencia de la advección 
del campo magnético por el campo de velocidades. 

8. Para un gas efectivamente politrópico, el colapso gravitacional desatado por la tur

bulencia externa no puede ser detenido a menos que el índice politrópico ,eff cambie 

durante el proceso. Sin embargo, esto no ocurre hasta que no se alcanzan densidades 

protoestelares (Ballesteros-Paredes, Vá.zquez-Semadeni & Scalo 1999). 

9. La formación de nubes mediante colisiones puede causar compresión simultánea a 

lo largo de regiones elongadas1 las cuales, basándonos únicamente en su dispersión 

de velocidades interna, pueden aparecer causalmente desconectadas. Este proceso 
ha sido invocado como una posible solución al denominado problema Post-T Tauri 

(Ballesteros-Paredes, Hartmann & Vázquez-Semadeni 1999). 
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Capítulo 3 

Introducción 

La presente tesis es un estudio de las propiedades físicas y estadísticas de las nubes en 

el medio interestelar (MI o ISM, por sus siglas en inglés), de manera que es conveniente 

hacer un breve resumen de sus características observacionales, de las propiedades inferidas 

a partir de las observaciones, de los mecanismos de inyección y disipación de energía, así 

como de los modelos propuestos para expUcar la estructura y el comportamiento del ML 

3.1 Propiedades del Medio Interestelar 

La iufonmtcióu qll<' t<im~111os an•n:a drd i\H se h..tsa ¡;riIJe'ipalm('Uti' en la ahsordón. emisión 

o dispersión d(' rndiaci(m por átomos. rnol(:culas y. o granos clf· polvo. A trav{-.s de Psta 

información s1: deh)da al gas en d llH'diu intcrPsti:lar en alguna de la:-; signiC'lltcs fontiafi: 

gas ionizado '\'.o.lientp" (T ~lOG K). gas ioui1.arlo ·'tibio .. (T ~ 8xl03 K). ga:,; ucntro '·tibio" 

(T ...., 6x 103 K), gas neutro frío (T ~ 102 K) y nubes rnol('cularcs (T ~10 K), aunque cu 

realidad es probable que exista un continuo de densidades y temperaturas. 

La existencia de µ;as cou temperaturas de 2: 106 K y densidades S 0.0lcm--3 fue predi

cha por Spib,Pr (lDSG) y ha sido confirmada alrededor de remanentes de SHIH'rnovas. Ha 

sido propuPsto qnc esta coruporn•utc~ domina en volumcm al niedio Ílltl!n~stclar (NkKec & 
Ostriker 1977). aunque este hecho ha sido cue:-;tionado rccientcuwutc por Cox (1995) y 

por Slavin y Cox ( 1993. ver ~3. :2). Por su pnrtP, las n~¡;ioucs fotoionizadas s<~ c~11cm•ntra11 

frecneutc111e11t.c en las vecindades de las estrellas OH (regi01H'8 H II), y en hs vecíndad<'s 

de c,strPlla:-; vit~jas ( Ilt'lmlosas plauetarias) donde· la intensidad de la radiacióu ultravioleta, 

capaz de icmi:-:ar d hidróg-eno. es importa11te. Adicionalmente. lejos de las estrt>llas O y 

B. i-xisr.<' mia radiación diínsa ultravioleta capaz de io11ú:ar al iwY!in menos denso. Las 

densidades ck Pst.P medio son cid orden de D.03 nn-3 • y las tempera.turas determinadas a 

partir d1· cocientes de lítwas varían entre 7.000 y 10.000 K. A Psta compo11e1itc se le conoce• 

como d nwdio ioni:,,;arlo tibio. 

Por :m parte, el rnedio 1wutro tibio. rn11 temp<'raturns d('. T ~ G.000 K. y densidad!~s 

alr\'ckdor rk 0.1 nn - 3 , ha sido (letcctado mediante líneas dP absorción ultravioleta y de 

H I (vPr por ej .. Spit:wr 1978 y referencias ahí citadas). 

El gas ueut.ro frío. por su parte, ha sido ddcct.ado prindpalrnente mediante la radiación 
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de 21 centímetros de los átomos de hidrógeno. Como se ve en la Tabla 3.1, la densidad 

característica para este gas es de 1 cm-3 en la vecindad solar, y la escala de altura del 

disco galáctico en H I es de aproximadamente 250 pe (Spitzer 1978). Las temperaturas 
características oscilan alrededor de 80 K 

Finalmente, las nubes moleculares poseen densidades altas (~ 102 cm-3 ) y temperatu

ras bajas (~ 10 K). Se observan principalmente a través del 12CO, ya que la molécula más 

abundante, la de H2, tiene momento dipolar nulo, lo que dificulta mucho su detección en 

aquellas regiones que no son calentadas por choques o por radiación UV, que harían que 

el H2 emita en transiciones vibrarotacionales. Por su parte, las regiones más densas de 

las nubes moleculares (núcleos o cores) se detectan en NH3 , CS e isótopos de CO menos 

abundantes, como el 13CO y el C18 0. El principal mecanismo de calentamiento de esta 

componente son los rayos cósmicos, capaces de penetrar las altas extinciones que hay hacia 

el interior de las nubes moleculares. En general, se considera que estas regiones tienen tem

peratura aproximadamente constante, aunque existe evidencia de que en la vecindad de 

regiones de formación estelar hay importantes desviaciones producidas por el calentamiento 

de las estrellas (Torrelles et al. 1983, Solomon et al. 1985, Al ves et al. 1999). 

Propiedades generales del MI 

Componente (n}(cm-3] (T) [Kl (P/k)[din cm- 2] Tamaño típico 

Gas Coronal ~ 0.01 ~ 105 ~ 103 ? 

Regiones HII ¿l 8000 2: 7 X 105 ~ 1 pe 
Medio Internube Ionizado ~ 0.1 8000 ~ 103 > decenas pe 

Nubes Difusas Neutras (H I) 1-20 80 ~ 103 varias decenas de pe 

Nubes Moleculares Gigantes 10 ~ 102 10 - 50 ~ 105104 _d.e_c_enas_de_p 

N ubeslvfoleculares 103 - 104 10- 50 ~ 10-510-4 1-20 pe 

Núcleos Densos 104 - 106 10 < 1 pe 

TABLA 3.1: Detalles sobre el origen rle estas propiedades puede verse en Spitzer 1978; Blitz 1994; Plume et al. 

1997; y referencias ahí citadas. 

Adicion;-:Jmente, el medio iuterestelar está permeado por el campo magnético y por 

rayos cósmicos. Los valores del campo magnético oscilan desde unos cuantos µGauss hasta 

varios mG, y además de ejercer un efecto dinámico a través de la fuerza de Lorenz, permite 

la alineación de granos de polvo interestelar, lo cual da lugar a la polarización de la luz. 

Los rayos cósmicos, por su parte, son partículas energéticas, principalmente protones a 

velocidades relativistas que parecen permear de manera uniforme el medio interestelar. 

Usando la medida de emisión EM = f0L n~dl, junto con la medida de dispersión, 

DM = f0L n6 dl y la medida de rotación, RM ex: f n 6 B¡¡dl, ha sido posible encontrar que el 

medio interestelar presenta importantes fluctuaciones tanto en la densidad electrónica co

mo en el campo magnético del medio ionizado (Tufte et al. 1999; Cardes 1999 y referencias 

ahí citadas). Por otra parte, mediciones de los anchos de las líneas Ha y H I han mostrado 

que los movimientos en el medio interestelar son supersónicos en general. McCray & Snow 

(1979), resumen una serie de trabajos observacionales en todas las frecuencias, mostrando 
que el medio interestelar es altamente dinámico, con componentes que presentan velocida.-
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des que van desde varios cientos o miles de km s-1 en regiones cercanas a estrellas masivas 

o supernovas, hasta el H I que si bien presenta una dispersión de velocidades característica 

de~ 8 km s-1, posee también componentes con velocidades de varias decenas de km s-1, 

evidenciando la presencia de procesos altamente energéticos y de choques intensos. 

3.2 Modelos del Medio Interestelar 

Una de las hipótesis subyacentes en los primeros modelos del MI queda plasmada en la frase 

de Spitzer (1978, §11.3) "las ecuaciones de la hidrodinámica tienden hacia el equilibrio de 

presión" (térmica). Un importante modelo del medio interestelar fue presentado por Field, 

Goldsmith y Habing (1969), y es conocido como el "modelo de dos fases". Este se basaba en 

el cálculo detallado del calentamiento del MI mediante rayos cósmicos de baja energía. Fíeld 

et al. (1969) encontraron la existencia de dos fases en equilibrio de presión. Una "caliente", 

a T ~ 10,000 K, y una "fría" (T::; 300 K). Adicionalmente, predijeron la existencia de una 

tercer fase, con temperaturas de T ~ 5000 K, térmicamente inestable, que no puede existir 

por más de ~106 años. En su modelo, Field et al. (1969) encontraron que la fase fría 

debía contener aproximadamente el 75% de la masa del gas, y estar distribuída alrededor 

del plano central del disco, ocupando pequeñas fracciones del volumen total. Sin embargo, 

el modelo de Field et al. (1969) tenía problemas para predecir algunas líneas de absorción 

en el ultravioleta (McCray & Snow 1979), y tampoco predecía la existencia de una fase 

mucho más calientP, cou tPtn¡wrat uras del ordcn <le 105 K (1'vkKee & Ost.riker 1977). 

Cox y Sruith ( 1974) cousid(~rnrrni la ewisió11 de rayos X suaves en el p1a¡¡o galáctico. 

y propusieron quf' d l\!Il cousü;tc en uua ;-;erir: 1fo agujPrm, y túncks ill!t'n·oncdando estos 

ag:ujr'ro:-.. como prodncto d<' la cxplosi{m de superuovas. Estos cspadrn, rlcberían tPnl'r 

temperaturas (ie 2' 10;-; K, y sería ahí donde se produciría la absorción de O VI observada. 

Siu 1•1ubar¡i;o, Shapiro & Ficld ( 1976) mostraron que esta intNpretación reqncría una presión 

íuten~stclar poco realista. y propusieron que~ la absordóu <le O VI debía provenir solamrnte 

dP las paredes de clichos túneles. 

Posteriorulf'ntt', iVfcKee & Ostriker (1977) plantearon que el modelo de dos fases no 

podía ser rnanttiuido dada. la tasa observada de supernovas en el Ml. Ellos postnlaron mi 

medio dowiuado por Pxplosioucs de su1.wr11ow1,s, encontrando quP c~st.e desarrolla tres fases 
('11 cl¿uilihrio dr~ presión: La fase caliente o corona]. con temperaturas ?_ l()fi K y densidaclc:-. 

de 10-2 cm- 3 . ocupa la mayor parte~ dd volnrncu (70%. 80%,), y es moderadamente 

in!Hm10ghwa: el rncdio tibio, con tcrn¡ieraturns del orden ele los 8.000 K. y que rnnt.ie1w a 

su Vl~z dos regímc1ws: d neutro y d ionizado. ocupa aproximadamente el 203/r; del volumeu 

total. Fiualnwnte. d medio frío. denso. ('Ull dnnsillades de 1 10 crn- 3. tempPrnJnras de 

80 K y factores dl~ ill'hado <k unos cuantos por cientos. Evidcucia al res¡wcto fueron las 

observacicmcs de O VI en el n1travioleta, y ohscrvacimws de emisión c11 rayos X. i11dicando 

la cxbteucia de ]a fast) coroua.l. Adicionalmente. McKec & Ost.riker ( 1077) plantean un delo 

c'stacionario de flujo ch~ masa entre las fases. doudP ]as nubes se evaporan por la radiación, 

y c·l ga:,; coronal. a sn vez. se condensa ~racias a la acción de barrido de la onda de choque 

d!' las snpcruovas. 

Recientemente el ruoclelo de las tres fases ha recibido serios cuest.iouamicutos. Oh-
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servaciones en UV recientes han revelado la presencia de gradientes de presión ( térmica} 
importantes en el medio interestelar local (Bowyer et al. 1995; Cox 1995), y simulaciones 
numéricas han estudiado la evolución de burbujas remanentes de supernova en simula

ciones numéricas, encontrando que la fase de gas caliente a temperaturas de 105 K no 
necesariamente tiene factores de llenado grandes (Slavin & Cox 1993), como plantearon 

originalmente McKee y Ostriker (1977). 
Por su parte, desde hace ya medio siglo se ha sugerido que el MI es altamente turbulento 

(e.g., von Weízsacker 1951), y que posee estructuras complejas que no deben modelarse 
como esferoides discretos en equilibrio hidrostático (Chandrasekhar & Münch 1952; Nakano 
1998, Ballesteros-Paredes et al. 1999a). Por "turbulencia" entendemos el estado de un 
flujo caracterizado por grandes fluctuaciones desordenada,s en la, velocidad, frecuentemente 

estructuradas de manera anidada o jerárquica. Existen actualmente varias evidencias de 

que el MI puede considerarse turbulento, como señala Scalo (1987): i) la fuerte no-linealidad 

de las ecuaciones de la magnetohidrodinámica con las que representamos el ISM; ii) el 
acoplamiento no-lineal de los procesos físicos relevantes; iii) la existencia de fluctuaciones 
de densidad, velocidad, y presión, cubriendo un amplio intervalo de escalas; iv) la estructura 
jerárquica de las nubes (Scalo 1985), v) la existencia de relaciones de escala con forma de 
leyes de potencia, por ejemplo, entre la dispersión de velocidades y el tamaño, en un rango 
de escalas de varios órdenes de magnitud (Larson 1981, Torrelles et al 1983; Myers 1983, 

Dame et al. 1986, Scalo 1990, Falgarone et al. 1991); vi) la existencia de movimientos 
supersónicos en el MI (McCray & Snow 1979; Larson 1981, Blitz 1993); vii) el ancho 
no-térmico de los perfiles de línea observados en las nubes interestelares, explicados en 

términos de turbulencia a pequeña escala por Zukerman & Evans (1974); viii) La existencia 
de nubes con evidencia de vortícida~L~\'er_,_poLejemplo,-A.rqui-lla--&--Goldsmith-1985;-MiviHe-------• 

Deschéne et al. 1998); ix) el espectro de masas en ley de potencia para las nubes moleculares 
(Larson 1981, Dame et al. 1986, Williams et al. 1995) x) la existencia de mecanismos de 
alimentación de energía en todas las escalas (Scalo 1987; Norman & Ferrara 1996); xi) 

la apariencia fractal de las nubes interestelares (Scalo 1990; Falgarone et al. 19911 entre 

otros). 
Adicionalmente, existe un parámetro adímensionai, llamado ei Número de Reynolds 

(3.1) 

(donde v es la viscosidad cinemática, en unidades de cm-2 seg-1, y ·u es la velocidad 

característica de la escala l), el cual mide el cociente entre los términos advectivo y viscoso 
en la ecuación de momento ( 4. 7), cuantificando qué tan turbulento es un finjo <la.do. Esta 

transición se da cuando 'R, excede cierto valor crítico. En fluidos terrestres, la turbulencia 
(incompresible) se da para números de Reynolds del orden de algunas veces 103 . Sin 

embargo, en el medio interestelar, Scalo (1987) estima 

R~3x10 -- -7 ( u )(l)( n ) 
km s-1 pe 103cm-3 

(3.2) 

mientras que Combes (1999) da valores de ~ 109 . De cualquier manera, es claro que, para 
valores típicos del MI, los números de Reynolds son varios órdenes de magnitud mayores 
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que los correspondientes a los números de Reynolds de fluidos terrestres, y por ende, es de 

esperar que el medio interestelar sea turbulento. 

Como se ha mencionado previamente, el MI es altamente compresible: presenta grandes 

fluctuaciones de densidad a todas las escalas, y los números de Mach correspondientes a 

las fluctuaciones de velocidad son supersónicas (Scalo 1987). Incluso, recientes trabajos 

teóricos proponen que dichas fluctuaciones son incluso superalfvénícas (Ballesteros-Paredes 

et al. 1999a; Padoan & Nordlund 1999). Entonces, es de esperar que ocurran ondas de 

choque en todas las escalas (por ejemplo, jets y vientos estelares, expansión de regiones 

H rr, explosiones de supernovas, ondas de densidad espiral, etc.). 

Mientras que en la teoría de Kolmogorov (1941) para turbulencia incompresible se 

supone que la energía es inyectada en las escalas grandes y de ahí se transfiere a escalas 

más pequeñas mediante una cascada de energía para ser disipada, en el MI la energía 

es probablemente inyectada a todas las escalas (ver, e.g., Scalo 1987, Norman & Ferrara 

1996). Por ejemplo, la rotación diferencial Galáctica, las superburbujas y la onda de 

densidad espiral pueden inyectar energía al MI en escalas del orden de 1 kpc (Fleck 1981), 

aunque se cree que la primera es una fuente muy ineficiente (Shu et al. 1987); otras fuentes 

operan a escalas intermedias (del orden de 100 pe), tales como regiones HU en expansión 

y explosiones de supernova; y otras más a pequeña escala (de entre unas pocas décimas 

de parsec, hasta unos cuantos parsecs), como vientos estelares y flujos bipolares. Estos 

mecanismos son fuentes importantes de energía cinética. 

Toda e:-,t.a 1•videnda sngif'rc Pntonces que el mt>dio interestelar es muy dinámico y turbu

lento, con un fuerte acoplamiento dinámico entre las diforc11tei-; escalas, de manera. que para 

desarrollar un modelo del J\U realista es necesario n~alizar siumlacim1cH nunu~rícas capace:-, 

de 111dttir los principale¡.; ag;cut.cs físicos que operan eu f'I l\lI, donde~ s<i rcsudvau las ccuado

U('S dn la magnetohidrodim'unica d<' Hu-mera rw-lincaL Ílicorporamfo d tnmsporte radiativo. 

la química. el grado de ioni:mci{m, etc, Dado d enorme costo computacíoual, sin embargo, 

PIJ la actualidad 1111 nivel dei-;rriptivo iutcrrncdio inc:lnye la magneto-hitlrodiuárnica (MHU) 

y trnuinos rnodPlo para las fuentes y sumideros. Uuo de loH trabajos pioneros es el de Bania 

¿,.,¿ Lyon ( 1980). quiPnes estudiaron loH efectos {k estrellas OB cu el MI usando simulaciones 

numfaicas 2D que incluían el balance térmico eutn~ el calentamiento de rayos cfo;micos y 

dP raym, X el,, baja energía, y el enfriarnicnto1, tomado de Dalgamo & McCray (1972). 

Eu su rnodc·ln. Bania & Lyon ( 1980) localizaban las estrellas de manera aleatoria t~n un 

c:,¡mcio que r<'prcseut,aba 1802 pe con wsoluciones de 102 pixeles. Con hs limitaciones 

c·orn¡rntacionah~s rk la {!poca. Bauia & Lyou (1980) encontraron importantes c01ic:lusi01H'H: 

prinwran11~1itr•. que d mcdío es <Lltamentc dínámíco. ya qne las regiones Ir II producidas 

por iaH ('strdlas O.B. en :in Pxpa,rn.;ión sobre el rncdio circundante. pnedeu a.glowcrar el gas. 

cucmitrandn que hasta d 70% de 1a masa tot.al puede ser aglomerada E'll es~as uuhcs. las 

cuales. a siz v<~z. podrían colapsar gravitacio11almente. Adicionalmente. encontrnron qnc 

iiOU preá,amente los efectos dinámicos de las estrellas lo.s que producen l,1s nubes. y no 

loli c~11<:1w11tros rntrc mibe"s 111<.'uores. sugiriendo que la confluencia de corrientes de material 

podría ser un mecmiiHlllo más eficiente para formar nubes que la aglornc~ración. mPcauismo 

1 Es i111pnrta11tl' re,akar que [ns autor!'s lP llaman a f'Ste mrn!i:-1o '"transportf' radiati,·o i111plídto··. annquP. 

r•strü·tamf'nte hablanrlo, no rPSUf'lV!'n el transporte radiativo. 
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de formación de nubes que en los años 80's era favorecido. Sin embargo, estas simulaciones 

carecían de campos magnéticos y gravedad, y eran de baja resolución, lo cual dificulta el 

estudio de los efectos de un campo turbulento sobre un intervalo considerable de escalas. 

Por su parte, Passot, Pouquet y Woodward (1988), Léorat, Passot y Pouquet (1990) 
y Pouquet, Passot & Léorat (1991) presentaron simulaciones numéricas hidrodinámicas y 

magnetohidrodinámicas en 2 dimensiones con resoluciones de hasta 5122 , compresibles y 

con autogravedad, las cuales les permitieron estudiar el comportamiento turbulento del 
medio interestelar y la influencia de la turbulencia en el soporte en contra del colapso. 

Las escalas de interés en dichas simulaciones eran menores a 1 O pe. A diferencia del 

trabajo de Bania y Lyon (1980), dichas simulaciones no incluían calentamiento estelar, ni 

el enfriamiento racliativo. En el primer trabajo, Passot et al. (1988) encontraron que en 

sus simulaciones, con números de Mach del orden de la unidad, se desarrollan espectros del 

tipo k-2, sugiriendo que las relaciones de escala (en particular, l:!..v vs l) tienen un origen 

turbulento, como en el caso de un espectro de Kolmogorov para turbulencia incompresible, 

y que el campo de densidad desarrollaba estructuras filamentarias compatibles con las 

observaciones de nubes moleculares. Adicionalmente, Léorat et al. (1990) encontraron 

que tanto a grandes como a pequeñas escalas la autogravedad juega un papel importante 

para determinar la coherencia de las estructuras, mientras que en escalas intermedias, la 

hidrodinámica parece ser suficiente para describir la evolución del medio en escalas de 

tiempo más cortas que los tiempos de caída libre de las estructuras. Asimismo, Léorat 
et al. (1990) encuentran que la componente compresiva del campo de velocidades puede 

modificar el criterio de Jeans, ya que esta componente es capaz de jugar el papel de las ondas 

acústicas e inhibir el colapso gravitacíonal, sugiriendo que éste puede ser un mecanismo 
para dar soporte a las nJJhe.s,_y_ex.plicando-entonces-e~hecho-de-que-las-nubes.nuteculares 

tienen tiempos de vida mucho mayores que su tiempo de caída libre. 

Motivados por entender el comportamiento no-lineal de las estructuras y los meca~ 

nismos de formación de nubes, y el estudio de la turbulenr.ia compresible en presencia de 

parámetros con valores típicos del MI, Vázquez-Semadeni, Passot & Ponquet (1995a, 1996), 

y Passot, Vázquez-Semadeni & Pouquet (1995) ampliaron el código de Léorat et al. (1991) 

a fin de incluír el calentamiento estelar, la autogravedad, ei campo magnético, la rotación 

galáctica, y una parametrización para la rotación diferencial, así como para la formación 

y el efecto de las estrellas, bajo un régimen completamente no lineal, compresible, y con 

escalas características entre 1 y 1000 pe. 

Estas simulaciones reproducen algunas propiedades observadas o predichas para el me

dio interestelar. Por ejemplo, reproducen el comportamiento predicho por la teoría lineal 

para la formación de nubes (Elmegreen 1991), la tasa de formación estelar para estrellas 

masivas, la densidad promedio de complejos gigantes de nubes, la intensidad del campo 

magnético oscilando entre casi O y algunas decenas de µG y la dispersión de velocidades 

del MI a escalas de ~ 1 kpc. 

Actualmente existen otros estudios numéricos que intentan estudiar el comportamiento 

general del MI: Ostriker1 Gammie & Stone (1999) 1 Mac Low et al. (1999)i Padoan & 
Nordlund (1999), Balsara et al. (1999), que, a diferencia de las simulaciones de Vázquez

Semadeni et. al, se han enfocado al comportamiento de las nubes moleculares, es decir, a 
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medios con temperaturas bajas (10 K), y densidades altas ( ~ 103 cm-3 ) bajo un régimen 

isotérmico y con forzamiento aleatorio. Estos trabajos se han dirigido a determinar las 

tasas de disipación de la turbulencia, encontrando que en ausencia de inyección de energía, 

la turbulencia puede disiparse en escalas de tiempo comparables con el tiempo de caída 
libre de las nubes. Estos resultados, entonces, dejan abierta la incógnita de 1as escalas de 

tiempo de vida de las nubes, ya que si la turbulencia se disipa rápidamente, entonces es 

difícil concebir que los tiempos de vida de éstas sean del orden de varias veces 107 años, 

como sugieren, e.g., Blitz & Shu (1980). 

Sin embargo, para los propósitos del presente trabajo, son preferibles las simulaciones 

del MI "multifase" por las siguientes razones: por un lado, se modelan regiones mayores, 

permitiendo estudiar el papel de las escalas grandes (2:: 100 pe) de la turbulencia para 

formar y deformar las estructuras más pequeñas (nubes). Por el otro, dado que la energía 

es inyectada puntualmente en las regiones donde la densidad alcanza un valor crítico, 
permite estudiar la evolución de un medio donde la energía se inyecta de manera más 

realista. 

El presente trabajo ha sido enfocado al estudio de las propiedades físicas y estadísticas 

de las nubes en las simulaciones de Vázquez-Sernadeni et al. (1995). Por un lado, hemos 

estudiado el comportamiento de las energías en cada una de las nubes. Por otro lado, 

hemos calculado el balance virial detallado para éstas, así como la variación de cantidades 

como la díspersíón de velocidades, la densidad promedio como función de la escala carac

terística d<' las nu!JcH. la dimensión fractal de estas. y el espectro de masas. Para esto 

fne necesario desarrollar uu algoritmo sencillo qiie perrnitieri't la idP11tific<1ció11 de I1t1lies rn 

est.a.'i sirnulad,mes. 

Por otra parte. c·o1no conscnwucia cfo estos estudios se hizo evidPutc qu(' la turbulencia 

a gran escala jugaba uu papd importante Pu la formación y defonnaci(m de las (~structura:-; 

<k ckm,idad y en la inclucdón prcw'ncióu del cola.pso gravitacioua.l. Hacc~mos e1it011cPs un 

breve resm11e11 :--olm, d t~status t.k la:-- teorías de fonnación de 1111bc:--. 

3.2.1 Formación de Nubes 

U1i problema fundamental en la compremüón del MI y dc~ la. formación Pstclar e:-; el de la. 
formación dl! nubes. procrno qne probablemente involucra. varios IIWCanismos (Elnwgreen 

1!)87: Ehnegn~eu 1 !)94). iuclnyendo el paso de ondas de densidad espiral y las inestabi

lidadPs a gran escala (Elmegrceu 1993a: G,unmic 199G: Martos & Cox 1998) operando 

prdcn'11tcmcntP ¡•u la formaci(m de c~strncntras grandes, así como cu la prodncciún de con

dc•nsaciouP:-- wús pcqrn,üas y densas cu hts rq~ioncs de intr~rncción de ff njos convt•rgt~ut¡•s 

(ElmcgrPen ,!...: Elmegn::,cn 1978: Vislrniac 1083: Hunter et al. 198G: Vázqncz-St•madcni et 

al. l!J05a: Vázq 11eí-:-SC11Iadeni et al. 1995b: Ballesteros- Paredes et al. 1009h: ~fartos f't al. 

1999). Estos últimos procesos puedc11 sPr ocasionados por el efecto de 1111 r0 vt•11t.o específico, 

como es d caso de una SN o una región H IL cu cuyo ca.so la morfología de la región pu('de 

sug;erir cuál ha sido el origen de dichos movimientos (por ejemplo. el anillo <lP ,\ Ori ), o 

simplcnwut.(>. por la turbnlcucia interestelar global (~15). 

Los principalPs procesos de formación de uuhes considerados a la fecha son: acumn-
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Parte I Conceptos Introductorios §3.2 Modelos del MI 

lación de material en filamentos mediante choques, coagulación de nubes más pequeñas 

para formar estructuras mayores, inestabilidades y turbulencia. A continuación describi

mos brevemente los principales modelos y escenarios correspondientes a cada uno de estos 
procesos. 

Acumulación de material en filamentos mediante choques. - La evidencia observacional 

que sugiere la existencia de este proceso son las estructuras filamentarías observadas en 

el medio interestelar, el aparente alineamiento del campo magnético con las estructuras 
filamentarias, y el incremento de la intensidad de estos campos magnéticos (Troland & 
Heiles 1982). Ejemplos de las primeras son las muchas estructuras filamentarías que pueden 

verse en los mapas de H I (ver Fig. 3.1). En particular, el North Polar Loop (l ~135°, 
b ~40°, -10 km s-1 _::; v ~ + 10 km s-1 ), que consiste en un gran arco de H I, el cual contiene 

a su vez varias condensaciones de gas molecular. La explicación convencional para estos 

mecanismos son explosiones de supernova (ver, por ejemplo, Pound & Goodman 1997), o 

la presencia de asociaciones 0B cercanas, aunque estructuras similares han sido explicadas 

como la colisión de gas de alta velocidad con el disco galáctico (Santillán 1999 y referencias 

ahí citadas). 

Coagulación.- Oort (1954) propuso que los grandes complejos de nubes interestelares 

se formaban mediante la colisión y coagulación de nubes pequeñas interactuando gravita

cionalmente. La importancia de estos modelos aumentó a raíz de la observación de una 

alta fracción molecular en los 5 kpc internos del disco Galáctico (Scoville & Solomon 1975; 
Burton et al. 1975), pues implicaba que una proporción importante del gas debía estar 

en forma de nubes moleculares, las cuales se consideraban fuertemente autogravitantes. 

Algunos de los puntos fuertes de este modelo (ver, e.g., Elmegreen 1987) consisten en que 

~---~~l~a~t_asa,_Jfo _ _formación-de-nubes-aumenta-en-regiones-donde-el-gas-conv---e-rge, como es el ca

so de los brazos espirales, explicando los tamaños relativamente grandes de las nubes en 

los brazos espirales, comparadas con el tamaño de las nubes que no se encuentran en los 

brazos. Sin embargo, el medio interestelar consiste en un fluido continuo (y más aún si se 

considera el efecto dinámico del campo magnético), en el que el movimiento de las parce

las no puede considerarse como balístico, y la densidad no necesariamente presenta saltos 

abruptos entre la región interna y ia externa a ia nube, como es el caso en los modelos de 

coagulación. Otro problema importante con este modelo es que la generación de complejos 

grandes, con masas de entre 105 y 106 M 0 requiere de tiempos extremadamente largos, del 

orden de algunas veces 108 años (ver, e.g., Kwan 1979). 

Inestabilidades.- Varias inestabilidades han sido sugeridas como mecanismos de for

mación de nubes. Las más comunes son la gravitacional, la térmica y la de Parker. La 

inestabilidad gravitacional (Jeans 1902), proviene del balance de fuerzas entre el gradiente 

de presión y la autogravedad de la nube. Dado un medio infinito de densidad uniforme Po 
sometido a una perturbación de tamaño ).., existe una longitud LJ tal que si).. > LJ la per

turbación comienza a colapsarse, pues el valor absoluto de su energía gravitacional supera 

al de su energía interna al menos inicialmente. La formación de nubes mediante la inesta

bilidad gravitacíonal fue considerada factible cuando se descubrieron los grandes complejos 

de nubes en otras galaxias, con masas {M ~ 105 M0 ) y tamaños similares (L ~ 300 pe) a 

los de Jeans (Wright et al. 1972). 
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FIGURA 3.1: ;>,lapa d1• la GalaxiHl'll H l (21 rrn]. Datos dl'l Atlas d,• Hidrogmo ;,.¡'entro de la Galaxia (Hartrmurn 
& Burt,m 1997). :--;611-•,w la alta füanu•ut.ariedad de las estnwt.uras 1'11 H I. En partkular. se ('rt''-' <.¡Ul' la Pstn1ctura 

Pli (/ .--.. 13iiº, b --..-10°. -10 km ,- 1 :S r :S -+ 10 kn, ,- 1 ) t•s Pl remltarlo <le una explosión de su¡wrnov« (Po11nd b.: 
Goodmau ( 1997). 

La inestabilidad. térmica fue usada para explicar la existenda de dos o tres fasr•s en el 

l\H {Ficld et al. 1969; McKee & Ostriker 1977). pue; dichas fases en cquilílirio de presión 

a h·mperaturas muy diferentes sou estables. separadas por nn intervalo inestable de tl'm-

1wrat11ras. Por su parte. d estudio de la incstahílidad de Parker (19GG) en dos dimcnsíorm, 

ha ¡>(•rmitldo explicar la existencia de grandes cu1uplejos moleculan~s cu P1 plauo medio 

dd disco Galactico. separados a distancias del orden de 1 kpc. como cons<•cucuda el<• qm•. 

frcnt<· a algnua perturbación, las líneas de campo maguét.ico originahneut<• paraklas al 

plano del disco galáctico, se inclinan, pcrmitícndo al material del disco caer hacia el plano 

medio. Sin embargo, el estudio de la inestabilidad de Parkcr en tres dirnensioucs parece 

indicar que en realidad éste podría. no ser un buen mecanismo para. explicar la existencía 

de grandes complejos en PI plano medio (Assco et al. 1978. 1980: vfasc tambih1 Slm 1902. 

~23). 
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Parte I Conceptos Introductorios §3.3 Objetivo y Plan de la Tesis 

Turbulencia. - Recientemente se ha reconocido a la turbulencia como un agente capaz de 
formar nubes, aunque tradicionalmente se le había considerado únicamente como un meca
nísmo de soporte. En un trabajo pionero, Sasao (1973) estudió la turbulencia homogénea, 
compresible e isotrópica, encontrando que si la mayor parte de la energía turbulenta se 
encuentra en los modos de escalas mayores a la longitud de Jeans, la turbulencia es capaz 
de generar fluctuaciones de densidad que contribuyen al colapso gravitacional. Por su par
te, Elmegreen (1993b) encuentra que la turbulencia supersónica en nubes autogravitantes 

y difusas es capaz de producir estructuras de densidad autosimilares con líneas anchas en 

un intervalo amplio de escalas, y plantea que si la región comprimida está dentro de una 
región densa, ésta puede colapsar, mientras que si la región está dentro de una nube difusa, 
la turbulencia es capaz de dispersarla. 

La capacidad para colapsar de una región que ha sufrido el efecto de una compresión 
turbulenta depende de las energías gravitacionall magnética~ interna, etc., disponibles en 
el material, así como de la tasa de cambio de éstas durante la compresión y posterior 

colapso. Considerando únicamente el soporte térmico, es posible calcular si la energía 
interna es capaz de soportar a la nube contra su propia gravedad. Como fue demostrado 

por Chandrasekhar (1961), una región esférica puede ser soportada por presión si í'eff > 4/3, 
donde ,eff es el índice barotrópico, i.e., P ex p7eff. El número de Mach necesario para inducir 

el colapso gravitacional como función de í'eff fue calculado por Tohline et al. (1987). 
En el caso en que la compresión sea a lo largo de varias direcciones simultáneamente, 

'Yeff > 2(1 - 1/n) ( con n el número de direcciones a lo largo de las cuales se efectúa la 
compresión2, 1 ::; n S 3) es la condición para el exponente politrópico para el cual la 

región no colapsará (McKee et al. 1993; Vázquez-Semadeni et al. 1996). Entonces, es 
-----~plausibke:l-colapso-de--regirrnes que han s1oocomprimiaas mediante flujos convergentes de 

gas, a menos de que í'eff aumente en el proceso (Ballesteros-Paredes et al. 1999a). 

Tradicionalmente, el estudio del colapso gravitacional hacía la formación estelar se 
ha hecho mediante el Teorema Virial, postulando que las estructuras están en equilibrio 
hidrostático entre la autogravedad y la presión hidromagnética, y que "resbalan" cuasi

estáticamente por <lifusión ambipolar (ver por ej., Shu 1992; IIartrnauü 1998). De dicho 
teorema se ha derivado el valor de la masa crítica que puede ser sostenida por la energía 
interna en contra del colapso gravitacional. Además, dado que el teorema virial permite 

relacionar de manera particular los valores de las diferentes energías involucradas en los 

procesos físicos, así como relacionar valores observables como la dispersión de velocidades en 

una línea particular, con la masa de la región emisora, es frecuente encontrar en la literatura 
referencias al teorema virial y al estado de virialización <le las nubes. Sin embargo, para 

estudiarlo es necesario primero escribir las ecuaciones de la magneto-hidrodinámica (MHD), 

pues es de la ecuación de momento de donde sale este teorema. Entonces, la discusión sobre 
la masa crítica, el problema del flujo magnético en el colapso gravitacional, y resultados 
clásicos que se obtienen del teorema virial será diferida a la sección 4.2. 

2 Por ejemplo, un choque plano tiene n =' 1 
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Parte I Conceptos Introductorios §3.3 Objetivo y Plan de la. Tesis 

3.3 Objetivo y Plan de la Tesis 

El objetivo de la presente tesis consiste en hacer un análisis detallado del comportamiento 

físico y estadístico de las nubes en las simulaciones numéricas de Passot et al. (1995) y 

Vázquez-Semadeni et al. (1996), con el fin de compararlas con datos observacionales de 

las nubes interestelares, y de interpretar estas últimas físicamente. Se estudia también 

el papel que juega la turbulencia en el balance energético y la generación de estructuras 

de densidad. La tesis se encuentra dividida en tres partes. Como continuación de esta 

primera parte, discutiremos los conceptos generales de la magneto-hidrodinámica, así como 

el Teorema Virial (§4) y el código numérico utilizado (§5). En la parte II estudiamos el 

balance energético, el balance virial, y las relaciones de escala que presentan las nubes 

en nuestras simulaciones. Esta parte a su vez se dividide en: una discusión sobre la 

versión euleriana del Teorema Virial y resultados encontrados previamente por McKee y 

Zweibel {1992) (§6); dos artículos presentados en memorias de congresos donde se discute el 

balance energético (§7) y el balance virial euleriano de las nubes (§8); una introducción a las 

relaciones de escala o de Larson (§9), y un artículo donde se estudian estas relaciones en el 

contexto de las simulaciones (§10). Finalmente, la parte II concluye con una breve discusión 

sobre la dimensión fractal de las nubes en las simulaciones (§ll) . La parte III, también 

está relacionada con los mecanismos de formación de nubes. En ella se discute cómo la 

turbulencia puede ser capaz de generar estructuras de densidad y posiblemente desatar 

colapso, así como la importancia de los perfiles de línea asimétricos y multicomponentes 
como l'vidPncia de tnrhulcll(:ia a gran csu-da (§13). Por último. se discute c{imo, si la 

turhu!Pncia t~~ capaz dP gern·rnr estructuras de densidad en tiPmpos cortos, el prohlPma 

de' la falta dt' Pstrd!as post-T Tauri ('ll la región dt' Tauro rn14) purlicra sr•r debido a q1w 

{·sta se ha formado redcutcrnentc. de tal ma11era que sólo en lrn, últimos 1-3 millmH'S de 

aüos ha producido estrellas rn15). De esta forma. daríamos una VÍHión global de cómo 

un modPlo magueto-lüdroclinámico, con turlmleuda homogénea y con los agentes físicos 

principales rl<•l MI, tales como la inycel'irm de energía de estrellas masivas, la autogravedad, 

la rotación isaláctica, d calentamieuto y el enfriamiento difusos, l¡-¡, fuerza de Coriolis. etc .. 

Ps capaz dP n·;Hoducir una serie de características observaciouales rld ~1I. prcsc~utaudo a la 

turlmlmwia como a¡;cnU: formador y deformador clt' estructuras. Fi1talme11tc. en la sección 

lG :-;e <liscute11, de manera glohal, las conclusiones dd presi:nte trabajo. y se 1hm las pautas 

para PI trabajo a realizar en el fntnro próximo. 
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Capítulo 4 

Hidrodinámica y Teorema Virial 
Lagrangiano 

4.1 Conceptos de la Hidrodinámica 

4.1.1 Descripciones Lagrangiana y Euleriana 

Como se mencionó anteriormente, un nivel intermedio de descripción del MI está dado 
por las e<'nadon~s <le la magnetohídrodínámica en presencia de fuentes de calentamiento, 
cufriarniPnto, campo g;ra.vitatorio. y otroH ténuiuos fncute. Estas PCu,wiolll's ¡nH'dcu l~Htu

clia,n,P ("011 uua dcsnipcióu Pulcrüma. o Iagrauµ;i,rna. En la primera s<' cmpll',l nu rna.rco dl' 

rdcrP111:ia fijo. de tal u1,mcrn qnc la 1iosícióu ;r1 (usando notac'.i(m tPusorial) y d tü·m¡¡o f 

sou las variables iud(•pc1Hii!'Utl~S ch~ la.s cualc~s dcpemkn todas las variables q1w caracteri

za.u al flujo (den:;idad. teruperatura. velocidad, campo ma¡.1;r1('.tíco, potencial µ;rnvitadonal, 

etc.). En la sq:1;unda. por d contrario. se emplea nn sistema de referencia que se mnPve con 

el fluido, de manera qut~ todas las variables, incluida la posición Xi, dependen tkl timupo 

t. 

4.1.2 Derivada material 

Sean una variablE' dd campo (P.g;., la tkusidad). y cmisidércse eutoIJces uu si,9tema lagran

g;iauu. Durante un intervalo <le tic~rnpo corto Jt.. el cambio en la varia11lc n pne<le escribirse 

C'OUH.l: 

dn mauera qu(' 

án 
6t 

(4.1) 

(4.2) 

El lado izquierdo de esta ccnación rcpn~scuta el cambio total ell el intervalo de tiPmpo 6t 

de la variable o 1~11 dicho sistema. Entonces. si hacernos tender M ~ O. este lado iz;qniPrdo 

se conviert<" en la derivada t.mnporal de n en u11 sistema lagrnngiano. Por su parte. las 
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Parte l Conceptos lntroductoríos §4.1 Conceptos de la Hidrodínámica 

cantidades óxi/ót se vuelven la componente en la dirección i de la velocidad, ui. Entonces, 
si 8t ➔ O, tenemos 

da 8a 8a 
dt = Bt + Ui 8xi (4.3) 

En esta ecuación, como a lo largo del presente texto) se usa la convención de Einstein 

para la suma, donde índices repetidos se suman. A la cantidad da/ dt se le llama "derivada 
total, "material", o "derivada lagrangiana", y a veces se le representa también como Da/ Dt. 

4.1.3 Ecuaciones de la MHD 

Sean p, Ui, 4>1 P, Bi y e la densidad, velocidad en dirección i, potencial gravitacional, 

presión térmica, componente i del campo magnético, y la energía interna, respectivamente, 

y sea 

(4.4) 

el tensor de esfuerzos electromagnéticos de Maxwell. Las ecuaciones de la magneto

hidrodinámica se escriben entonces como (ver, por ej., Shu 1992): 

l. Ecuación de Conservación de Masa: 

-~~~~~~~~~~~~~~ºt+P~+r'º=p,(e'¼l===-o-. -- at axi 
( 4.5) 

Esta ecuación puede reescribirse, utilizando la derivada total o lagrangiana ( 4.3), 

como 

2. Ecuación de Conservación de Momento: 

(4.7) 

donde los primeros tres términos del lado derecho son la fuerza del gradiente de 

presión, la fuerza gravitacional y la fuerza de Lorentz, respectivamente, mientras que 

los últímos dos términos corresponden a términos de disipación (viscosidad). Usando 

la ecuación de masa ( 4.5), la ecuación de momento se puede reescribir como 

(4.8) 
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3. Ecuación de Conservación de Energía Interna: 

&(pe) + &(peuf) = _!)_(uiITij) + UiPÍi - oqf (4.9) 
&t OXj OXj Xj 

donde pui Íi es el trabajo hecho por la fuerza por unidad de masa Íj sobre el fluido, 

qi es el flujo conductivo de calor 1 y donde ITij es el tensor de esfuerzos cortantes, 

relacionado con la presión mediante la relación 

P¡ = Il.íjn1 

donde nj es un vector unitario en la dirección j. 

4. Ecuación de campo magnético 

La ecuación que gobierna la evolución del campo magnético se lee: 

5. Ecuación de Poisson 

(4.10) 

(4.11) 

Finalmente, la autogravedad del fluído se describe a través de la ecuación de Poisson: 

( 4. 12) 

E1,ta:-; ecuaciom•:-; puf'd(~n describir el comportamiento d<~l MI hajo la aproximación de 

nu soio fluido con tensor de presión isotrópico, si loH procesos fisicm; rd(~Va!ltes cu d medio 

iub·n·stelar son modelados de la manera. adecuada corno focutes y sumideros en las ecuacio

nes dP mmnPnt.o y de energía. 1-.;u esta tesis c011siderare11101; soluciones mnnfaicns de estas 

ecuadones en el régimen cornplctarneutc tnrbuleut.o, el cual es alta.mcntr~ 110 lineal. Por 

supuesto, dPpendim1do cfo los procesos físicos considerados, los términos del lado derecho 

ele· PStas ecuaciones pueden sufrir rnodificacimws. Además, en ciertos casos es ucn~saria 

]a inclusión cfo tfamium; artifidalcs c1ue mo<lelc11 fouómcnos físicos cornplc~jos, como sou d 

calentmnÍ!'Ilto c8tc1ar o p] Pnfriruuiento y cakutamicuto radiativos. 

4.2 Teore1na Virial 

El 'frorema Virial (TV) PS llll:i t~xpresión matemática obtr~nida a partir de la cnuc:i(m 

de momento, que· ¡wrmit<· PStn<liar de 1mmcrn global el balance cuerg/ticu de las nubC's 

i11tr·n,:,;tclarc1-;. annqne sin suplir las solucimws exa,ctas de la mag11etohidrndiuániica. En los 

trabajos pioneros (y frecuentcmcnt(! en estudios observacionales), el TV ha sirlo estudiado 

dc•:,prechmdo l'.l efocto de 101, llamados tfaminos ck superficie (I\lestcl & Spitz.(0 r 195G: Larson 

1981: l\iiy,~rs & Goodmau 1988a: Solomon et al. 1987). Otros estudios. prcferent.cnu~nt.P 

teóricos, hau consi(krndo la irnportaucia de estos términos (Parkcr 1957: Strittmattcr 196G: 

Mouschovias & Spiticr 1976: Zweihel 1990: ¿.frKec & Zweihd 1992: BallcstPros-ParPd1•i,; 

c:t aL 1999a), a1mqw' f'n ¡.,;cucral. ha sido utilizado para relacionar valores observableii ck 
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las nubes interestelares como son la dispersión de velocidades, o el valor de los campos 
magnéticos, con propiedades como su masa, o su habilidad para auto-soportarse en contra 
del colapso gravitacional (Larson 1981; Myers & Goodman 1988a; Myers & Goodman 
1988b). Sin embargo, antes de discutir las situaciones físicas en donde ha sido invocado 
el TV, y cuáles son las simplificaciones más comúnmente adoptadas, derivamos el TV en 
su forma lagrangiana, de manera que la masa de una nube es constante mientras que su 
volumen va deformándose, siguiendo a la masa. La forma euleriana, en la cual el volumen 
se considera fijo, será derivada como materia de investigación, má.s adelante (§6.2). 

4.2.1 Teorema Virial Lagrangiano 

Esta es la forma más comúnmente usada del TV, y se deduce a partir del producto escalar 
del vector de posición Xi con la ecuación de momento en su forma lagrangiana (ec. [4.8]), e 
integrando sobre el volumen de interés (ver, pm ej., Chandrasekhar & Fenni 1953; Spitzer 
1979; Parker 1979; Shu 1992; Hartmann 1998, aunque el Teorema Virial se conoce en 
mecánica clásica desde principios de siglo): 

f XiP dui dV = -j Xi &P dV + f Xi {)Tij dV - / PXí &ip dV 
dt axi Xj Xi 

( 4.13) 

El término del lado izquierdo puede desarrollarse de la siguiente manera: 

(4.14) 

De esta última expresión, el segundo término es el doble de la energía cinética. El 

primer término por su parte puede reescribirse como 

(4.lG) 

donde IL = J x 2dm es el momento de inercia, y donde nos hemos permitido extraer de 
la integral las derivadas temporales. Esto es válido ya que en la descripción lagrangiana 
el elemento de masa dm es constante y no depende del tiempo. Considérense ahora los 
términos de la derecha de la ecuación (4.13). El primero se reescribe como: 

(4.16) 

donde se ha usado el hecho de que oxi(fJxi = 3. De manera similar, el término magnético 
puede reescribirse de la manera siguiente: 
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{4.17) 

donde ahora ha sido usado el hecho de que 8xi(8xj = Óij, siendo Óij la delta de Kroenecker. 

En la última igualdad de (4.17), el segundo término del lado derecho es la energía magnética 

Emag- Por último, el término gravitacional se puede reescribir como: 

W = -Jpxi acp dV = -! B(pxi4>) dV + /<tio(pxi) dV = 
axi axi axi 

= - f (pxicf>)ñidS + J </Jxi :; dV + 3 / cppdV = 

W = - f (pcpxi)ñidS + / c/Jxi :~ dV - 6Eg (4.18) 

donde Eg = -1/2 fv p qi dV es la energía gravitacional de la nube. De esta ecuación 

JJlll'de vnse qu0 rl tfrmino gravitadonaJ involucra, por un lado, la energía gravitacionaL 

Sin emlrn.rgo, existe un tónniuo dP presión gravitacioual evaluado en la superficie rk la 

nnlw. así como nu trrrnino quP llrpPndP de la rst.rnctnra de drrn,irlad eu el iutl'rior dl' la 

uulw. Es importautr aclarar. adcrnás. que cp es d potcndal grnvitacim1al debido a toda 

la niasa cou.sidcrada. y no rxdnsivamcutc a la masa ckutro dd volumen de iutcgracióu 

V. Adicímw.lnwntt'. es poHihlP dcrnostrar qne c>n el caso de uua nube ab,lada, rl t(~rmino 

grnvitadonal vV se~ convierte en Eg (ver apéndice A). 

I-kcopilaudo los términos de las ccuacioncl-i (4.14). (4.15). (4.IG), (4.17). y ( 4.18), para 

sustituirlos cu la ecuación (4.13), el teorema virial lagraugiauo queda expresado de la forma: 

dowlc 

y 

Grn1."¡!, = _f (1:¡T¡1 )itJt!S 

son los ténuiuos dr~ im¡wrficiP t(,nniro y magnético. 
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4.3 Estabilidad y Flujo Magnético 

El teorema virial ha sido ampliamente usado en la literatura en el caso de equilibrio virial 

(Í = O), e incluso, más estrictamente, en el caso hidrostático (i.e., pdui/dt = O, implicando 

i = 2Ekin = O}, a fin de estudiar la estabilidad de configuraciones de equilibrio para colapsar 

bajo la acción de su campo gravitacional, considerando las diferentes fuerzas involucradas 

(gradiente de presión, campo magnético, etc.). Este análisis es relevante porque es el 

punto de partida de muchos trabajos teóricos que consideran la formación estelar como 

consecuencia del colapso de núcleos densos en dichas configuraciones de equilibrio. 

Sin embargo, como se sugiere a lo largo del presente· trabajo (ver §6.5, §8, y §13) 

la apariencia altamente dinámica de las simulaciones sugiere que las nubes están lejos del 

equilibrio. A continuación mostraremos algunos de los resultados más frecuentemente men

cionados en la literatura astronómica que se obtienen de postular equilibrio hidrostático; 

los desarrollos pueden también encontrarse en varios libros de texto, como son el de Spitzer 

(1978), el de Shu (1992), o el de Hartmann {1998). Adicionalmente, discutimos el problema 

del flujo magnético y algunas evidencias que conducen a pensar que la formación estelar 

se da en escalas de tiempo más cortas (~ 1-3 millones de años) que las de la difusión 

ambipolar (del orden de 107 años). 

Supóngase que la nube en consideración es esférica, con radio RN, en balance de fuer

zas, y que se encuentra rodeada de un medio mucho más tenue, de densidad y temperatura 
constantes. Por simplicidad, supondremos que el campo magnético en el interior de la nube 

es constante, con valor B N, mientras que en el exterior varía corno B = B N ( r / RN )-3 , lo 

cual reproduce el comportamiento de un dipolo magnético a grandes distancias. Entonces, 
______ consíderemos~~ú-Teorema-ViriaHagrangíano para un volumen esférico, de radío Rb, sufi

cientemente grande de manera tal que los efectos de superficie del campo magnético sean 

despreciables (i.e., Tmag = O) en Rb, y que el término gravítadonal de todo el volumen de 

radio Rb pueda aproximarse como la energía gravitcLcional de la nube de radio RN1 . Con 

estas suposiciones, el término gravítacional puede escribirse de la forma: 

r,.,,...., ll .r') 

w = E = - ~ LdVJ Ñ 
g 5 RN ' 

( 4.22) 

donde MN = fv pdV es la masa de la nube. Por su parte, la energía magnética vale 

(4.23) 

donde la mitad proviene del interior de la nube, y la otra mitad del volumen entre RN y 

Rb, Supóngase además que el gas es ideal e ísotérmíco, de manera que P = c2p y por lo 

tanto 

Eth === ~ i PdV = ~c2MN, 

Finalmente consideremos el término superficial de presión: 

(4.24) 

1 Como ·se mostrará en la §6, si se está estudiando el balance virial del medío difuso, despreciar el término 
gravitacional de éste puede ser erróneo. 
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(4.25) 

donde Pext es la presión externa a la nube, la cual es constante. Sustituyendo estos términos 

en el teorema virial lagrangiano (4.19), y suponiendo equilibrio (cuasi) hidrostático, se 

obtiene 

( 4.26) 

donde hemos dejado explícito que la presión fEE es la presión externa a la región para una 

configuración de equilibrio. De esta ecuación es posible sacar varias conclusiones (ver, e.g., 

Shu 1992; Hartmann 1998): 

a) Primeramente, despreciando los términos magnético y gravitacional, se obtiene la 

ley de Boyle para un gas ideal a temperatura constante: 

(4.27) 

donde Viv es el volumen de la nube en una configuración de equilibrio, n es la densidad 

numérica de partículas, T es ]a temperatura, y k es la constante de Boltzmann. 

b) Considérense ahora despreciables los efectos del campo magnético y de la presión 

externa (es decir, si B, P-+ O). Bajo estas condiciones: 

1 ·2 

/?y '"'~CA. h· ~ 15 (!!_) 1 

· 5 c2 4rr G p 
( 2) 1 2 1íC , 

Gp 
(4.28) 

DP fo;ta últirna cxpn~sión pnedP wrse (!UP d rarlio (k equilibrio ns de~] orden dt' ma~nítud 

dri la longitud <l<) .Jcaus. Siu l'mhargo. é:sté, es uua ronfiguradón (k Pqnilibrio inestali\(', 

('omo ven•1110s Pll d signiPute inciso. 

e) Considérese a.hora d efc~cto lh~ la presión externa. Despreciando todavía el campo 

magnético. y aualiiando el cambio dP la presión extL!rtU'\. requerido para Pl equilibrio como 

fondón del radio ck la nube Rx a partir de la C('. (4.26): 

dl\:E = ~ (- '0c2 Mx + 12 G1v!}) _ ( 4_29 ) 

dRs 4;r R\ 5 R\ 

D1• aquí ¡nwdP Vl'rsc~ qlW si Rx ~ x <:utoncPs dPEE/ílRx < O. mientra.s qnP si R.\' ~t O 

r•11t.otH'l'S rlPEE/dRs > O. FinalnwutP. rll)EE/ clR.,· = O si 

4 G'Afx 
Rx = R,-rit = 1 __ ~-.0 - (4.30) 

;J r·~ 

El prinH'r caso. Rs > Rcrit• es 1u1a configuradim de PquilibriD cHtable, ya qm• C'll 

c~sta c·cmfiguraciór1. si <.·! radio de la milw auHH'nta re¡wlltinamc11t.P. r,xistP uu PX<'.r•so ch• 

pn•sión externa sobre la configurnciún de equilibrio. induciendo a que la rPgióu regrese a 

su confignrncióa origiuaL y si el radio de la nube disminuye•, existr~ 1111 defecto ck presión 

PXt<,rna n's¡H•cto a la configurnción de cqui1ihrio, 1wnuiticmlo que la unhf' se n'.-expanda. 

Sin embargo. para radio.~ mPnows qne R.:i-it• la situación es dP equilibrio inestabh~. pues 

im rkcrcHwHto el! el tamftño de la región cansaría que la pn~sión externa fuese mayor que 
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la presión de equilibrio, provocando que el sistema se contraiga aún más. Finalmente, la 
presión externa de equilibrio tiene un valor máximo dado por (ver ec. (4.261): 

( 4.31) 

de manera que si la persión externa supera este valor la nube se colapsará. La variación 
de F'EE como función del radio RN para una configuración de equilibrio puede verse en la 

Fig. 4.1 1 

Nótese que existen dos configuraciones que admiten PEE = O. La primera, de tamaño 
infinito, que cae en el intervalo estable. La segunda, de tamaño dado por la ec. (4.28), 

que cae en el intervalo de equilibrio inestable. Esto es razonable, pues1 por definición, la 
longitud de Jeans es la mínima escala para la cual existe equilibrio inestable. 

p cr\t 

"' .. 
o. 

3 

o 
o 0.2 Rcrlt 0.4 0.6 0.8 1 

RN [GMN/c2 ] 

FIGURA 4.1: Presión externa de equilibrio PEE como función del radio de una nube RN, su¡:,oniBndo una 
nube esférica, sin campo magnético y en equilibrio hidrostátíco. Varias situaciones pueden wrse Bn esta gráfica: 
primero, que para presiones mayores que Pcrit no existe solución de equilibrio posible. Segundo, que ¡:,ara tamaños 
mayores a Rcrit, el sistema tiene configuraciones de equilibrio estable, mientras que para tamaños menores a Rcrit, las 
configuraciones de equilibrio son jnestables. Por último, nótese que existen dos soluciones de equilibrio con presión 
externa nula: una dada por la ecuación (4.28), y la otra con tamaño infinito. La primera es una configuracíón 
inestable, y para tamaños menores que el dado por ( 4.28) no existe solución de equilibrio posible y la región 
necesariamente sB colapsa. La segunda, de tamaño infinito, es una configuración estable (ver texto). 

d) Por últímo, considérese el caso magnético. En este caso, la presión externa que 
satisface el equilibrio está dada por: 
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D... = _!_ (~_Q_(M2 - M2) ~ c2 Mzv). 
s .i:;E 41r 5 R4 g, N + 2 R3 

N N 
(4.32) 

donde se ha definido la masa crítica como: 

M = (-1-) z 0-1/241 
• lün m 

(4.33) 

y el flujo magnético que atraviesa la sección recta de la nube como e(>= 7íR'j.,¡Bzv. De esta 

ecuación podemos considerar dos casos: si MN < M<f> (ver Fig. 4.2a), un análisis similar 

al análisis de estabilidad previo nos hace concluir que, independientemente del valor de la 

presión externa, la situación es de equilibrio estable, es decir, que la energía magnética es 

capaz de soportar a la nube si la masa de la nube MN es menor que la masa crítica M<f!. 

Por el contrario, si MN > M<I> (Fig. 4.2b), la nube no puede ser soportada contra su propia 

gravedad si el radio es menor que cierto valor crítico, dado por 

4 G(M; -Mi{) 
Rcrit = -15 c2M (4.34) 

para el cual la presión máxima de equilibrio vale 

(4.35) 

Además, si la prcsióu exb)nu-t e:-; mayor a e:-.tc• valor. la 1mlw se colapsará forzm;amcut<'. En 

rl primer ("aso s<' dice que la unhc es snbcrítica, mieutras qtw en d segundo s1~ dice que· la 

11ulw PS supercrítica. 

5 

4 

,.._ 
OJZ 

:::;; 

NI ♦ 3 ~-

i ¡ 
:::;; 2 ~ 
1, ~ 

"' o.."' 1 
¡-

t 
o f 

O O 2 04 0.6 O 8 

RN [G (M¡-Mi)/c2 MN] 
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5 ,--,--.,..-..,..--r---.---r-----r----r---r---..---,-,--,--..----r--r--.-......--,---, 

4 
,......., 
;l._ 

"'" ::E 
1 

N+ 3 
::::s 
'-' .., 
t.:i 

~ 
::E 2 ., 
Q ........ 

o L.._.L--..L......-'-...ll--"----'-__._--'-----'--...J.--''-J.-.L.....,-'---'----'----'---'----'--' 

o 0.2 0.4 0.6 0.8 
RN (G (M:-M~)/c2 MN] 

FIGURA 4.2: Presión externa de equilibrio vs. radio de la nube para una configuración esférica en equilibrio 
(cuasi) hidrostátíco. a) Caso magnéticamente subcrítico. b) Caso magnéticamente supercrítico. 

Es importante aquí hacer mención de un comentario dado por Hartmann (1998): estos 

resultados tienen como hipótesis la suposición de que una nube de cierta masa no cambie 

su temperatura durante su evolución. Esta hipótesis es razonable si consideramos que, 

para densidades características de las nubes moleculares (~103 cm-3), el calentamiento 

está dado principalmente por los rayos cósmicos, mientras que el enfriamiento está dado 

por la P.misión del 12CO, siempre y cua.ndo la región sea ópticamente delgaJa. Con estas 

características, el balance entre enfriamiento y calentamiento nos lleva a concluir que la 

temperatura es más o menos independiente de la densidad, y tiene valores de aproxima

damente 10 K. Estas temperaturas han sido corroboradas observacionalmente por muchos 

autores (ver por ej. 1 Cernicharo 1991). 

Shu et al. (1987) sugirieron que debía haber dos modos de formación estelar: uno para 

estrellas de alta masa y otro para estrellas de baja mai:;a. Las primeras deberían formarse en 

regiones supercríticas, mientras que las segundas deberían formarse en regiones subcríticas. 

Ahora bien, suponiendo que toda la masa está en forma de hidrógeno molecular, a una 

densidad de 104 cm - 3 , y que el campo magnético tiene intensidades de 100µ,G 1 la masa 

crítica es del orden de 100 M0 . Si además el campo magnético está anclado en el fluido, y 

si los mecanismos de disipación (reconexíón o difusión magnéticas) no son suficientemente 

eficientes, entonces el número de líneas de campo magnético que permean a un elemento 

de masa es constante, sugiriendo que es difícil hacer estrellas con masas similares a las del 

Sol. Este problema es lo que se conoce como el problema del flujo magnético. 
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La solución estándar a este problema consiste en considerar que, dado que el campo 

magnético actúa únicamente sobre las partículas cargadas, las partículas neutras no están 

sujetas a la acción del campo magnético excepto por colisiones con las partículas cargadas. 

En principio, este proceso ( denominado difusión ambipolaJ .. ) permite al gas neutro "resbalar" 

a las regiones internas para formar los núcleos (cores) densos (Mestel & Spitzer 1956). Un 

cálculo sencillo permite demostrar que esta escala de tiempo está dada por 

(4.36) 

(véase, p.ej., Mouschovias 1987; Hartmann 1998), donde ni es la densidad numérica de 

iones, y nu2 es la densidad numérica de moléculas de hidrógeno. Para condiciones típicas 

en los núcleos densos, ni/nH2 s10-1, de manera que la difusión ambipolar puede remover 

suficiente flujo magnético en escalas de tiempo del orden de 107 años. Este resultado es 

importante porque permite que los núcleos densos formen estrellas de baja masa mediante 

este proceso de difusión de campo magnético (Shu et al. 1987). Esta idea es atractiva 

porque establece que todo núcleo denso puede, dado el tiempo suficiente, formar estrellas 

de masa baja, aún cuando inicialmente su masa sea menor que la masa crítica. 

Sin embargo, existen algunos problemas asociados con este esquema. El primero es 

la validez de las hipótesis. Por un lado hemos supuesto una nube esférica, densa, fría, 

con tf•rnpPratma, densidad y campo magnético constantes, embebida en un medio mucho 
más temH•, de• ck1rnidad y temperatura comitautes, pero con una cl<•peuckHria particular 

del campo rna.p;nf't.ico con la distancia. Asimismo, lwmos despreciado la contribución del 

1w~dio externo a la nnh(' al potencial grnvitacional. pero hen10s considerado importante 1a 
cnntruhm:ión de su presión a la dinámica de la nigi{m. E-Htas condü:ioncs p;uecc11 poco 

probables cu un IVII rrn1ista. que coutieuc~ fluctuaciones importautPs de la cleusidacl. campo 

ma¡1;uótico y vdo('i<lacl. Por el coutrario. parc!'iera ciue las cumlicicmcs descritas Pll este• 

c~jcruplo son Iuas bien rnndiriouPs ad lwc tales que~ nos 1wnnite11 despreciar una serie dP 

tt;rmluos y considerar otros. 

AckrnAs. t'xisbi otra serie de problc,ma.'i, como menciona Hart1wum (1998): el primPro 

y más <'Vi<kntc !'S qlle toda la prPsentc discnsiún ha sido basada cu d equilibrio viriaL 

suposició11 que 110 1wcesariarncute se cumple eu ías nubes moleculares o en sus uúdeos 

rnmo se wrá Pn capítulos posteriores. Adkioualnwntc, las fracciones de ionización en rP

giouPs de formación estelar ¡rnccl!'ll ser cousiderablementc altas. cu particular cu n'.e;ionPs 

dL• foru1aci(m Psklar masiva (rvly<)rs & Klwrsonsky 199.S). alargamlo d tiempo de difusión 

drnhipolar. Así misn10. c~xist.c eviclcucia ohSt·rvacicmaI dP quP la fonuación estc~lar :-;e da 

más rápidamente, qnc lo predicho por la ('C. ( 4.3G ). tanto en n~giones de baja densidad 

(lfartmaun d al. 1991). como en rcµ;ionPs Lk densidad alta (H.crbig & T<•rndrnp 198G). 

Así. algunas observaciones recic111,c,s sugierc:11 quP d gnwso de la formación estelar cu la 

ndmlosa ele Orión ha sm·cdido <'11 períodos dl! l rnil!(m de años (Hillcubrand 19Di). mien

tras que ohscrvaciornis de núc1eos densos sugieren que la mayoría de éstos se encuentran 

en colapso y sus escalas ele tiempo estimadas no exceden 2 millones de aúos (Lee & Myers 

1999). Por otra parte, como discute Hartmann (1908. s2.7) se sahc que las regiones de for

u1adó11 cstcJar masiva también forman muchas estrellas de baja masa, sng;irieudo que estas 
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estrellas pueden ser formadas en regiones magnéticamente supercríticas sin necesidad de un 
proceso de difusión ambipolar. Basado en argumentos de plausibilidad, Hartmann (1998) 
sugiere que si todas las estrellas (tanto de baja como de alta masa) se formasen en regiones 
magnéticamente supercríticas, entonces la baja eficiencia de formación estelar observada 
en la Galaxia debería reflejar que el número de regiones magnéticamente supercríticas es 
considerablemente menor que el número de regiones magnéticamente subcríticas. 

Independientemente de si existen o no dos escenarios de formación estelar, la sugerencia 
de Hartmann (1998), junto con las observaciones de bajas escalas de tiempo para formar 
estrellas idican que los modelos de formación estelar deben ser revisados. En particular, 

como se mencionó previamente, el problema de que las edades de estrellas en regiones de 
formación estelar sea de alrededor de unos pocos millones de años sugiere que la formación 
estelar es un fenómeno que probablemente se da en escalas de tiempo mucho más cortas 
que lo que se ha considerado hasta la fecha. Un posible mecanismo, como se mencionó en la 
sección 3.2.1, es que un medio interestelar compresiblei bajo el efecto de flujos turbulentos 

convergentes puede sufrir un colapso gravitatorio rápido. Estos temas se tratan en los 
capítulos 13 y 15. 
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Capítulo 5 

El Modelo y el Código Numérico 

5.1 Características 

El modelo numérico presentado por Vázquez-Semadeni et aL (1995a, 1996) y Passot, et 

al. (1995) representa el medio interestelar a escalas de ~ 1 kpc. Si bien el código permite 

la realización de simulaciones tridimensionales (3D), en el presente trabajo se hace uso 

de simulaciones en dos djmensioncs (2D), con el fin de maximizar la resolución espacial y 

permitir el análisis en detalle de las estructuras de densidad que surjan en las simulaciones. 
El có<ligu mo<lP-la P.! medio bajo la aproximación magnetohidrodinámica, y se consideran 
como f1wut.c;-; df' monwnto la acción d!' la gravedad. d gradie11te rk presiüu. la fupr;1,a dP 

Lorentz. y la ftwrza dP Coriolis. 

fü•specto a la ecuación ciP cnPrµ;üt. sP iucluyPn tfaminos (fiwutes y :,nunidcroH de energía 

iutf~rua) qlll' n10d1,lan el cakntamiento eHtdar (foentt-'8 plmtua1cK). P] caleutarnieuto difuso 

o de fondo y d enfriamiruto radiativo. Las ecnacioucs lJUe rcsudVl' d códíg;o snn: 

y 

Üp •) 
üt +V· (µu)= ¡1V-p, 

üu 'v P 8 ( J ) 2 . l -. ~ + u · Vu = - ·- - v8 v u -~ ~ v 9? + ~ ( V x B) x B - 20. x u. 
Ü1 p lvf0 p 

Ül' "92c 
~+u•'vr'=-(-v~-l)cV•u+;;T-· +l'1+f -1-n\ Dt 1 · p ~ ·' . 

(5.1) 

(S.3) 

(.'iA) 

(G.5) 

E1 código c.s psendoespedral y utiliza una bas!' discrt>ta de modos dt' Fonrit~r. implicando 

qm' las con<liciories a la. frontera son 1wríódicas. El avance temporal, la evaluación de los 

tfarninos lineak·s y 1as dc~rivada8 espaciales se realizan cu el t:spacio de Fonrier, mientras 

qu(• lo.s térmiuos 110--lincales se calculau eu Pl e:-;pacio real. En todas las ccuacimw.s se 

i11duyen tt'-rmiHoN difusivos de segundo orden r'n V. Eu las ecuaciones de morm'nto y 
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de flujo magnético se incluye además un término "hiperdisipativo" v'8 , que permite usar 

coeficientes mucho más pequeños para los términos de orden v'2 , aunque algo de disipación 

de segundo orden sigue siendo necesaria para eliminar oscilaciones locales producidas por los 

términos de hiperdisipación (Passot & Pouquet 1988). El uso de la híperdisipadón confina 

los efectos disipativos a las escalas más pequeñas, maximizando el intervaloo dinámico. En 

la ecuación de energía interna, el término difusivo corresponde a la conducción térmica, 

pero en la ecuación de continuidad carece de significado físico y se incluye sólo por razones 

de estabilídad numérica. La eleccíón de los valores de los parámetros se describe en Passot 

et al. {1995) y Vázquez-Semadeni et al. (1996). Aquí se describen brevemente los términos 

del modelo físico. 

l. El calentamiento difuso r d se modela como 

rd = ro(_f!_)-l/2
, 

Pie. 
(5.6) 

donde ro= 0.034 ergs seg-1 gr-1, Pie= 0.2 mH gr cm-3 es la densidad característica 

del medio difuso, y ma = 1.64 x 10-24 ges la masa del átomo de hidrógeno. Esta 

expresión permite simular un efecto de auto-escudarniento (self-shielding), de manera 

que las regiones más densas son calentadas con menor eficienciai como sucede en el 
caso del calentamiento del MIE por radiación UV difusa, toda vez que la opacidad 

aumenta hacia las regiones más internas de las nubes. 

2. El calentamiento estelar r s se modela por medio de fuentes de energía locales que re-
~.------,c----~ 

presentan estrellas masivas}lasn¡ales.se-GolO(:an-en-aqueHos-lugares aonaelaaensidad 

excede cierto valor crítico Psf y simultáneamente los movimientos son convergentes 

(v' · u < O). El valor característico de estas fuentes de energía es el debido a estrellas 

masivas (0.85 ergs s-1 gr-1), las cuales se mantienen encendidas durante 6 millones 

de años (1/2 unidad temporal del código). 

3. El enfriamiento es parametrizado como funciones de leyes de potencia de la tempera

tura, tal como los utilizan Rosen,.et al. (1993) y Rosen & Bregman (1995) a partir de 

las funciones de enfriamiento de Dalgarno y McCray (1972) y Raymond et al. (1976). 
Estas funciones de enfriamiento se escriben entonces como: 

o 
A1T2 

A2T1.5 

A3T2.s57 

A4T-D.65 

0$T<l00K 
100 K s; T < 2000 K 

2000 K s; T < 8000 K 
8000 K :::; T < 105 K 

105 K s; T < 4 X 107 K 

Los va.lores de estas Ai están dados en la Tabla 5.1. 

4. Para la rotación Galáctica se supone que la región modelada rota alrededor del centro 

Galáctico con velocidad angular constante! de valor !10 = 1r /108 años-1
1 correspon

dientes a la velocidad de rotación a la distancia galactocéntrica solar, de manera que 
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las coordenadas x y y corresponden a las direcciones azimutal y radial, respectiva
mente. Entonces, la fuerza de Coriolis en la ecuación de momento (5.2), se escribe 

-200 x u. Además, como la fuerza centrífuga y la fuerza gravitacional radial se 
balancean para cada radio, entonces únicamente es necesario modelar la rotación 
diferencial. Dada la restricción de condiciones a la frontera periódicas, la rotación 
diferencial se modela como una función sinusoidal de la forma 

2rry 
1lx (y) = Ao sin Lo (5.7) 

donde L0 es la longitud de la caja, y donde la constante A0 = 4.4 km s-1 está dada 

por la constante A de Oort, ya que este valor de la amplitud nos permite generar un 
gradiente de velocidad de 8.8 km s-1 a lo largo de la mitad de la caja de integración, 
que es equivalente a 500 pe. 

Como se menciona en Vázquez-Semadeni et al. (1996), como consecuencia de la de
pendencia funcional en p y T de las funciones de calentamiento y enfriamiento, y de que 
las escalas de tiempo dinámicas son mucho más largas que las escalas de tiempo en las 
que se establece el equilibrio térmico fuera de las regiones de calentamiento estelar, el gas 

tiene un comportamiento barotrópico de acuerdo al régimen de temperaturas (y por ende, 
régimen de enfriamiento), es decir, la presión obedece la relación P ex p1•ff. En términos 
rk lm parAmPtrm, cfr·l f'.6dip;o: 

doudP 

- ...... d 
{ 

Ü ')~ 

"f¡•ff = ü. 

0.48 

(5.8) 

1.57 < /l (100 < T < 2000) 

0.3~ < p :-; 1.57 (2000 ~ T < 8000) ( G.9) 

3.15 x 10- 3 < p '.S 0.39 (8000 :S T < 105 ) 

5.2 Definición de las nubes en las simulaciones y cálculo de 

sus propiedades físicas y estadísticas 

En d µrPSl'tltc trabajo. frcruentemcute se calculan las propiedadPs físicas ( c.g .. energ;ías, 

dispPrsión de velocidaclr~s. densidad JH'Ollll'tlio. etc.) de las nubes en las simulaciones nu-

111fric,1s. Para esto. c•s 1icces.-trio definir opcrncioualnwute a las nnbPs. Una nube e11 las 

;-;imnladones es nll conjnutn cmH·xo ck puutus en el espacio .t. ,11. cuya densidad cxct>dc 

uu cierto va.lor umbral Pth· El valor de fJth se escoge de acncrdo al tipo de nnhe que sc 

rksP(i. Por ejemplo. los complejos mAs grandes resnlta.n de tnm,u uu valor pcqiwüo de 

p 11 , 1. mientras qne si n110 desea cst.nrliar las 1'strnct11ra.s nu'i.s pl'qneüas. t•utoucPs se ddwn 

tow;,ir típiutmr•11tP valores grandes de /lth· El collsiderar difcrentt'.s valows dC' Pth es análoµ;o 

a obs<'rvar las 1mlws con diferentPs trazarlon's. de manera qm' el iuterv,tlo de <.knsidadcs 

observado depende del trazador utíli;,;ado. 

1 1'1.tuujU(' UJIU() S(' 1m·rwiona ru ~l[J. tarubif•n SE' encuentran nube~ J)P<{Uf'JHts al usar mnbra\ps bajos. 
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Los valores característicos de los diferentes parámetros adoptados para las simulacio

nes se presentan en la Tabla 1 de Passot et al. (1995). Por completez1 en la Tabla 5.1 

reproducimos los valores físicos más importantes. 

Parámetros usados en las simulaciones numéricas 

Cantidad física 

Unidad de longitud 
Unidad de velocidad 

Unidad de tiempo 

U ni dad de densidad de masa 

Unidad de densidad de particulas 

Unidad de energía interna 

Unidad de temperatura 

Unidad de intensidad de campo magnético 

Componente uniforme del campo magnético 

Componente fluctuante del campo magnético 

Velocidad angular de rotación Galáctica 

Longitud de Jeans 

Tasa de calentamiento difuso a 0.2 Po 

Tasa de calentamiento estelar 
Densidad critica de formación estelar 

Amplitud del deslizamiento 

Coeficientes de la función de enfriamiento 

Símbolo 

Lo 
uo 
to 
Po 
no 
eo 
To 
B1 
Bo 

Brms 

no 
LJ 
rd 
rs 
Pth 

Ao 

Valor 

1 kpc 
11.7 km s-1 

8.1 x 107 años 
1.67 x 10-24 gr cm-3 

1 cm-3 

u5 
104 K 
5µG 

1.6 µG 
5 µ.G 
1r /108 años-1 

2 kpc 
0.034 ergs s-1 gr-1 

0.85 ergs s-1 gr-1 

30 cm-3 a una resolución de 5122 y 8002 

4.4 km s-1 

A1 1.14 x 1015 erg s-1 gr-2 cm3 

---~-----------------7_/\2 ----5.08-x-lOl.~erg-g=l----gr-i cm3' ___ _ 
-- A3 2.35 x 1011 erg s-1 gc2 cm3 

A4 9.03 x 1028 erg s-1 gr-2 cm3 

TABLA 5.1: Valores característicos de los parámetros utilizados en las simulaciones (tomado de Passot et al. 

1995). 
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Capítulo 6 

Teorema Virial y Balance Energético 

6.1 Introducción 

Al derivar el Teorema Virial en la secdón 4.2 lo hicimos mediante el uso de la forma 

lagrangiana de la ecuación de momento. Sin embargo, se obtiene una forma diferente 

si se usa la ecuación de momento en su forma euleriana, ec. ( 4. 7). La diferencia entre 

ambas formas consiste en considerar la evolución temporal de un elemento de masa (forma 

lagrangiana) o de un elemento de volumen fijo en el espacio (forma euleriana). 

Dado l-lUf' nuestro interés es rn,tu<liar el posible balance virial y energético de las nubes 

ea siwnladoues mm1hicas. y darlo qu<' dichas sínmlacioues hau sido realí:zada:,; utilizando 

un esquema cnlcriano, es convenieutl' PstlHlíar d TV cu su forma Ptderia11a. 

Eu la presente secci[)J1 derivaremos e1 TPorema Virial Eukriano (TVE) de priHWroH 

principios rnG.2) y discutiremos algm1os de los resultados obtcuifloH por McKcc & Zwcilwl 

( 1992) (§f:i.J), así como el papel de los términos <le snpc~rficíc en c1 TVE (sG.4). y d po:-.ibh• 

bala1m' viriaJ (§G.5). 

6.2 Teorema Virial Euleriano 

Parker ( Hl79) derivó d TVE para un flujo MHD despreciando los términos supcrticiales. 

Por sn parte. !vkKec & Zwcibcl (1992) lo derivan sin despreciar ningúu tfamino, a partir 

de la d.diuición de nwrnr~nto de iuercia cu tm sistema euleriano. A continuación derivamos 

c·l TVE a partir de la c'cuación de momento Pn su forma euleriana. Para ésto. considfaes(• 

1'1 prodn('to escalar rle la cnrnción de momento PU sn forma culcriaua (4.7) por el vector :r¡ 

P í11U•gn•s(• c•n vol 1111LcJ1: 

( 6.1) 

donde• hemos considcratlo despreciables 1cm térlllínos disípativos rhj la ec. (4.7). Dado que 

11¡ d Vl~C"tor :r; ni el volumen V ,kpcuden del tiempo. las derivadas parciales n·spccto al 
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tiempo dentro de las integrales de volumen pueden escribirse como derivadas totales aiuera 
de éstas. Por lo tanto, el lado izquierdo de la ecuación (6.1) puede escribirse como: 

(6.2) 

donde se ha utilizado la ecuación de ma.sa (4.5) para pasar del segundo al tercer renglón, 

1> = f5 (px2ui)n¡dS es el flujo de densidad de momento de inercia px2 a través de la 
superficie de la nube, e IE = f v px2dV es el momento de inercia. Considerando ahora el 
lado derecho de la ecuación {6.1), notamos que todos los términos escritos ya han aparecido· 
en el TVL excepto el último, el cual puede reescribírse como: 

donde l'kin = 1/2 J pu2dV es la energía cinética contenida en el volumen V, y 'lícin = 
l /2 f s (xipUiUj )njdS. En particular, en el ca.so incompresible, 'litin es la cuarta parte 
del flujo a través de la superficie de la nube de la tasa de cambio del momento de inercia 

2XiPUi ( en el caso compresible, la interpretación de este término no es tan clara). Igualando 
entonces las ecuaciones (6.1) y (6.2) y utilizando la ecuación (6.3), queda escrito el Teorema 

Virial en su forma euieriana: 

(6.4) 

Si al tieinpo t la masa considerada en el caso lagrangiano coincide espacialmente con el 
volumen euleriano, entonces IE = IL. Sin embargo, sus segundas derivadas son diferentes: 

.. .. di!! 
IL-IE = 4Tkin + -;Ji 

como consecuencia del flujo de masa a través de la superficie del volumen euleriano. 
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6.3 Consideraciones sobre el Análisis de McKee y Zweibel 
(1992) 

Una idea fundamental subyacente en todo el presente trabajo es que la turbulencia es un 

fenómeno multiescala, es decir, el campo de velocidades es caótico en todas las escalas. Sin 

embargo, es frecuente encontrar en la literatura, de manera automática y sín justificación, la 

idea de microturbulencia, es decir, que las escalas asociadas a los movimientos turbulentos 

son pequeñas comparadas con las escalas de la región en consideración. Un ejemplo de ésto 

es el trabajo realizado por McKee y Zweibel {1992), donde se estudia el comportamiento de 

una nube aislada, densa y fría, rodeada por un medio mucho menos denso y más caliente, 

donde las cantidades varían lenta y suavemente y donde se trata a la turbulencia como si 

contuviera sólo modos en escalas mucho menores que las escalas de la nube1. Dado que 

algunos de los resultados de dicho trabajo están en aparente contradicción con algunos de 

la presente tesis, a continuación presentamos una discusión al respecto. 
En la primer parte de dicho trabajo se escribe la versión lagrangiana del Teorema Virial, 

y se deduce de primeros principios la versión euleriana, escrita previamente por Parker 

(1979}, pero sin despreciar los términos de superficie. Sin embargo, en la segunda parte 

algunos resultados parecen erróneos. Estos resultados son, primero: McKee & Zweibcl 

(1992) encuentran que los términos que contienen derivadas temporales en el TVE (ec. 

[6.4]) Hon despreciables frente al resto de los términos cuando s_e les promedia en escalas 
de tiPrnpo ruud10 mayores que las escalas <h~ t.iernp() dinámicas: scgnn<lo. cncnentrnn qne 

la comporwnte dn la wloddad del medio iuternubc 1wrpe11dicular a la frontera de la nu lw 

dccren~ cerca de la frontera d(' fa,ta ( ver ~4.1 y ~4.2 dí' !\1cKf'C & Zwcibel 1992), de wam'ra 

qlH' la presión hidro<línáruka dd 11wdiu iut(•rnulw. evahrnda ()ll la frontera de la nube•, e;, 

nmcho menor qui' la presión térmica. Tercero. qne el 11wdio iutc!nntb<' es forcc-frr'f, es ciccir, 

qnc· la fun:;,,a neta PU el mcdio int!~nrnbc 1•:=; id{~ntinuuentc cero. C1iarto. qllc coufornw el 

gas del medio intnunlw fluye cerra <lt• la nube. la presión t.{~rmini del medio internubt~ 

(•valuada en la froutcrn debe decrecer. Físiramentc. esta disminución ··está asociada con 

la disminución d<• la presión couforme el ~as intcruuhc fluye alre{k-xlor de la nube (efecto 

Vc•nturi)" (sic'). A contiuuadóu disentimos por qué estos resultados nos pareceu erróm•os. 

l. El primer probh'.ma en d trntami<~1lto de McKce & Zweibd (1992) consiste cu con

fundir do:-; e:-;calas de tiPrnpo muy difon,ntes: la primera, la pscala de tiPmpo dinámica 

dd mPdio iut!'f1111lw. la cual es dPl ordP11 de: 

(G.G) 

dom le R¡, c•s d tamaúo caractPrístirn dr~ la rP1sión c-muplda (m1bc y mPdio internub<'). 

y Cir es la vdocidad dd soni<lo del medio iutPrunlw2 . la rual 1wnnitt• estimar PI tiPmpo 

1 :\lrK!'e y Zwdhd (19!}2) dbrur('U brevPmPntl' d raso ile "modos gramh•s·· ck la turbuh,ncia. p('ro sólo 

cumo omla.s dt· dwr¡ue alnrnzarnlo a la nubr. si11 considPrar la continuidad dd rampo t[¡, ,·p\oddad en la 

frmrtera dP la trnlw 

~EstrictaIJH'Jlle ]1,1bh1ndo, rn el ca,~o rnagnNiro la velocidad sónica efoctíva f'St á rlarla por ( r;, + <},,) l, i, 
dontll' ,-,, es la vrlocida<l rlP Alfv(•n. 
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característico de las variaciones de las propiedades del sistema. La segunda1 una 
escala de tiempo mucho mayor tav tal que 

(6.7) 

que es utilizada para promediar los términos del TVE. El problema se da en el 

momento en que consideran que en una escala de tiempo tav es válida la relación 

(6.8) 

donde o: es una variable arbitraria del sistema. Esto es cierto si el intervalo de 

tiempo es del orden de la escala de tiempo dinámica, que se define precisamente 
como el tiempo después del cual la ecuación (6.8) se satisface. Sin embargo, para 

tiempos iav :» tdin, y regímenes altamente no lineales, óa deja de ser comparable 
con o: ( es decir, el sistema "pierde memoria" de las condiciones iniciales). 

2. El siguiente problema consiste en considerar que el término gra.vitacíonal del medio 
internube es despreciable por el hecho de que su energía gravitacional es despreciable 

(§4.1 de McKee y Zweibel 1992). Como se mencionó en la sección 4.2.1, el término 
gravitaciona.l de una región arbitraria es igual a la energía gravitacional sólo si la única 
contribución al potencial gravitacional de dicha región es la de la masa contenida en 

la región de interés. Sin embargo, para el caso del medio internube esta condición 
no se cumple. Por el contrario, la presencia de la nube masiva en la región hace 
que el término gravitacional del medio internube no p..11füia._esctlbiz:s€-GOtno-su-energía~~---~~

--------,;;rravitacíonal~ino que será esencialmente la energía gravitacional debida al peso del 

medio internube en el potencial de la nube. Esta contribución no es despreciable a 

priori1 y McKee & Zweibel (1992) no demuestran que lo sea3 •• 

3. Un tercer problema (véase la discusión posterior a la ecuación [4.7} de McKee & 
Zweibel 1992) consiste en considerar que, para un volumen V con una superficie S 
justo afuera de ia nube, la ecuación 

(6.9) 

implica que 
(6.10) 

donde h es el momento de inercia en un marco lagrangiano, IE es el momento de 

inercia en un marco euleriano, e Ic1 es el momento de inercia de la nube. Como se ve 
de la ecuación (6.5), aún cuando al tiempo t los volúmenes lagrangiano y euleriano 
coincidan, y aún cuando la igualdad (6.9) sea válida, la ecuación (6.10) no es válida 

si existe un flujo de masa a través de la superficie de la nube. 

3 Para poder despreciar el peso gravitacional del medio internube en el potencial de la nube se debe 
valer la relación Cic > Vese, donde Vese es la velocidad de escape de una partícula desde la superficie de la 
nube. 
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Estos tres resultados infundados conducen a McKee y Zweibel (1992), como se muestra 

a continuación, a cuatro conclusiones que, por lo tanto, son también infundadas. Además, 

están en contradicción con los resultados de la presente tesis: 

• Primeramente, el resultado 1 conduce a que los términos que contienen derivadas 

temporales en el TVE (ec. [6.41) sean despreciables. Sin embargo, como se verá en 

la §8, son estos términos los que dominan en el TVE. 

• Los resultados 1 y 2 conducen a McKee y Zweibd (1992) a postular que el medio 

internube es force-free (véase su ec. (4,51), puesto que el hecho de que los términos 

que contienen derivadas temporales en el TVE y el término gravitacional sean des

preciables (inciso anterior y punto 2 arriba) implica que en la ecuación de momento: 

(6.11) 

Adicionalmente, "ignorando la posibilidad de que la condición force-free se obtenga 

del balance entre la presión del gas y las fuerzas magnéticas", McKee & Zweibel 

(1992) obtíenen que 

aT;j a 
~,:- ~ -,. -( P15,J + pu¡u 1) ~ O. 
Ü:rJ U:rJ 

(6.12) 

Toda8 estas conclusiones qncdan invalidada:s debido a la inv,1lidez de los puntos 1 y 

2 dados arriba. 

• SI rc:-.ultado 3 (ec (G.10!) condnc:e a los auton's a considerar que la compom•rltf' 

perpendicular de la wlociclad turbulcuta del medio iuternube decrece cerca (fo la 

s upnficie de 1a unbe ( ver discusión posterior a la ec. [4. 7) de McKec & Zwei bel ln92). 

En dccto, de la ec. (6.10), la dcfinici(m de 'li.iu• y de despreciar de las derivadas 

ternporales, iwguiría que '7iin ~ O (ec. ¡6.51). Pero lkin involucra la c:ompo11c11te 

tfo la vdocidarl perpeudicular a la superficie de la nube. DP Illlf'VO, este resultado 

queda invalidado por la invalidez de la ecuación (G.10). Además, estt' efecto. hasta 

donde l11•rnos evaluado en las simulaciones. no se da. Por el contrario. los campos 

dP velocidad y de densidad son ('11 general continuos a lo largo de las Pstructuras de 

demiidad. iwfopc•ridicnt(~llH~ntc del critt-rio usado para detcnniuar la localización de 

la front<'rn (arbüraria) de la !JlÜW ( Vf'r ~13). 

• Como c'.011sccm:11cia dí' los dos incisos antcrion·s (furce-.free y diswinudón de la ¡m•sión 

turbnleuta e11 la snpcrfil'i<' de la unhc). los ant.orcs cnnclnycu qnc. conforme Pl medio 

iutcrunhc fluy<· alreckdor de la nube. éste experimenta una caída dt• presión. rnmo 

es el caso dd efecto Ventnri. Este pfocto, además ele no haber sido observado en las 

simnlaciouPs, un es dP esperarse en el· altamente compresihlf'- medio intcrcst.dar, ya 

que dicho efecto se manifiesta principalmente en medios irn:ompresib1es. y disminuye 

SC'g;ún aumenta la compreiiibílidad del flujo. 
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Finalmente, es importante mencionar que1 en general, el medio (nube e internube) en las 

simulaciones no está lejos del equilibrio de presión térmica, con un contraste entre la presión 

máxima y la mínima:::; 5, excepto en regiones de formación estelar, donde la presión térmica 

llega a ser hasta 60 veces mayor. Cabe notar además que a los argumentos cuestionables 

presentados por McKee & Zweibel (1992) se suman hipótesis de trabajo que parecen poco 

realistas: un medio turbulento en escalas pequeñas comparadas con las escalas de la nube, 

donde las cantidades varían poco; una nube esférica, de densidad constante 1 embebida 

en un medio homogéneo de densidad mucho menor, donde la energía gravitacional del 

medio externo es despreciable. Tales condiciones parecen más válidas para protoestrnllas 

que para nubes interestelares, en las que el campo de densidad es un continuo, y donde 

la turbulencia es un fenómeno multiescala y las formas de las nubes son extremadamente 

irregulares, con fronteras fractales (§ 11). Así pues, consideramos que las discrepancias entre 

nuestros resultados y los de McKee y Zweibel (1992) no son motivo de preocupación, pues 
dicho trabajo parece altamente cuestionable. En los artículos reproducidos en los siguientes 

capítulos se describen varios de nuestros resultados, aunque en ellos hemos preferido evitar 

hacer mención directa de la discrepancia de resultados con McKee y Zweibel (1992). 

A continuación describiremos resultados adicionales no induídos en los artículos, con~ 

cernientes al balance entre los términos volumétricos y de superficie del TVE. 

6.4 El papel de los términos de superficie 

En la Fig. 6.la mostramos la energía interna l'th, vs. el término de presión térmica en 

la frontera de la nube hh, para un conjunto de nubes en las simulaciones numéricas a 

un tiempo dado. De esta gráfica puede verse que ambas son comparables, sugiriendo que 

existe balance de presíón térmica entre las nubes y sus alrededores. Por otra parte, en la 

Fíg. 6.lb graficamos la energía cinética, Ekin, vs. el término de presión turbulenta en la 

superficie de las nubes, 'Ticin· Nótese que1 aunque existe balance entre la presión interna y 

externa (Fig. 6.la), la existencia de movimientos turbulentos podría distorsionar las nubes, 

ya que éstos no están claramente balanceados por la energía cinética interna de la nube 

(Fig. 6.lb). Finalmente, en la Fig. 6.lc mostramos la energía magnética, fmag, vs. el 

término magnético evaluado en la superficie de las nubes, mostrando que en este otro caso, 

tampoco hay un balance exacto entre estos términos. Estas son manifestaciones directas 

de la naturaleza turbulenta del flujo, y contribuyen al estado de no-equilibrio virial de las 

nubes. 
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FIGURA 6.1: Términos volumétricos vs. términos de superficie que intervienen en el TVE. a) Eth vs. 7ih; b) 
tkin vs. 7i;n; c) &mag vs. Tmag• Nótese que en todos los casos, las integrales de superficie tienen valores comparables 
con las integrales de volumen, aunque rto necesariamente se cancelan idénticamente. Sin embargo, nótese que en ~-~~----------
el caso de la presión térmica, el término volumétrkQ...y_s.up.emciaL-no-tienen-tantM--flttctuacioner,iITTl1cando que las 

------in'rruí'oes esfan aproximadamente en balance de presión térmica. Entonces, los mo,dmientos deben ser producidos por 
el gradiente de presión hidrodinámica ( cinética) y magnética. 

Es frecuente encontrar en la literatura - y en particular en la literatura observacional 
- referencias al teorema virial en las que se desprecian los términos de superficie. El origen 
de esta práctica probablemente se debe a que observa.cionalmente es imposible evaluar 
la presión térmica, el tensor de Maxwell o la presión hidrodinámica en la frontera de 
las nubes, tanto porque no existe una definición observacional precisa de las nubes (ver 
Scalo 1990), como porque las observaciones sólo permiten determinar de manera directa 
cantidades integradas a lo largo de la línea de visión, y no las cantidades en un lugar 
preciso en el espacio. Sin embargo, en el presente trabajo se muestra cómo en un medio 
turbulento existe un flujo de masa a través de la frontera del volumen considera<lu (§8, 
§13). Desde el punto de vista lagrangiano, las fronteras de la nube (que delimitan la masa) 
se deben estar deformando constantemente como consecuencia de la presión (anisotrópica) 
hidrodinámica. En particular, hemos evaluado la importancia de los términos de superficie 
en el TVE para las simulaciones numéricas analizadas, encontrando que éstos son tan 
importantes como los respectivos términos volumétricos. Como se mostró en las Figs. 6.la, 

b, y e, los términos Eth vs. hh, Gkin vs. TkinY Emag vs. /mag, respectivamente, los términos 
de superficie son comparables a los términos volumétricos correspondientes, aunque en el 
caso de los términos cinéticos y magnéticos, no existe un balance detallado entre cada par 
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de términos. 

6.5 Equilibrio Virial y Balance Energético 

Una de las suposiciones más frecuentes en la literatura es que las nubes y sus núcleos densos 

están en equilibrio virial (ver, e.g., Shu et al. 1987; Myers & Goodman 1988), es decir, que 
se satisface 

IE=O. ( 6.13) 

Sin embargo, las simulaciones numéricas nos han permltido determinar que en general 
ésto no se cumple (§8). Por otro lado, un resultado interesante es que las nubes sí se 

encuentran cerca de la equipartidón de la energía (§7). 

Una consecuencia importante de que exista equipartición entre las energías gravita

cional y cínética es que es posible derivar, suponiendo una cierta geometría para la nube 

observada, la masa de una nube a partir de observaciones de líneas (véase, por ej., Estalella 
& Anglada, 1996). En muchos casos las estimaciones de las masas de las nubes molecula

res usando este método coincíden razonablemente bien con las derivaciones de las masas 

usando otros métodos (e.g., intensidad de la línea de 12 CO). Sin embargo, recalcamos, 

esto es consecuencia de la equipartición entre la energía gravitacional y la energía cinética 
( turhnlenta) Ü(• la nnht'. mas no rlel equilibrio virial. 

6.6 Trabajos Publicados al Respecto 

En los :-;ig11im1te8 rlrn; capítulos se estudia d balanC!~ energético ( ~7) y d teorema virial 

culeriauo rnsJ para las rmlws CIJ las r,inmlacionc1'i 1mmt'.-ricas rea.Hui.das. A difon~nda de 

PHtudios pn•vios, los resultados aquí preseutados constit.nyeu d primer iuteuto de hw·lir 

u11 halarn·1! PXa.cto y detallado del TV. a fin de evaluar la impm-tancia relativa de cada 

nuo de los térmiuos que ltit<~rvieucn en ústc. en situaciorws razonablenw11t,P r(';-iJistal-i y no 

Pll situa,cimH·x í1kaJizarlas. Corno se h,t mencionado y como se verá en estos capítulos. 

,,., Pllr'.lWlltrn. que si bieu las nubes están aproximadameut.e en uu balance c11Prgetico, la 

situadóu d(• c•qnilibrio virial no se cnrnplc. indicando entoncPs q1w Pl medio intcn,stelar SP 

Pncucntra eu un estado altamente dinárnko. 
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Artículo 1 

Cloud Statistics in N umerical Simulations of the ISM 

J a vil •r I3alI<'st<'ros-ParC'O<'S ano Enrique Vázquez-Semarl.Pni 

Publicado c·n 

Rei•isfa kíe.dcww de A.~tronom.Ül !/ A8troj(sica, Serie de Conferencias. Vol:/. 105. 

1995. 

"Ftfth Mex-Tu Afretmg in Astrnphysic.s. Gasmus Nfbulae aml Star Formatio11« 

Resumen 

Prnscntamos resultados prnlimirrnres de sinrnlaciones uum{:ricas bidimensiouales sobre 

d halaw:P crwrg/'tico de las nnbcs del medio interestelar. :Mediante d uso de uu algoritmo 

lk ideutificacióu de nubes, calculmuos las energías gravitacional, inkrna, cinNica y mag

uNica de las mismas. Encontramos que. con una dispen;ión de aproximadam<·11te nu orden 

de magnitucl. la c1wrgía ¡!;ravitaciona.l en las nulH·s está balanceada por las <'Hf'rgías restan

tes. Aclicionalmcntc•, y con <lispc:rsioucs r·omparnblcs. parr,cc haber cquipartición l'rlt.rP las 

l'lH'rgías riuHica y mag11N.ica. 

Abstract 

\Ve prcseut prelirninary rc:rnlts 011 thc encrgy lrndgets of douds iu two-<linwusional uu

rucrical simulations of the intcrstellar nwrlium. Usinµ; an automatcd cloud-iclentification 

alg;orithrn. wc calculatP thc gravitationaL intcrnal. kinetic anrl magnetic encrgics of tbe 
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clouds. We find that, within a dispersion of roughly one order of magnitude, the gravi
tational energy in the clouds is balanced by the remaining energies. Furthermore, within 
the same dispersion, there appears to be equipartition between the kinetic and magnetic 
energies. 

7 .1 Introduction 

Interstellar clouds appear to be dose to virial equilibrium between the gravitational and 
other forms of energy (Larson 1981; Myers & Goodman 1988 a,b), even though the as
sumption that they are in a statíc equilibrium is highly questionable, as both the clouds 
and their embedding medium are highly turbulent (e.g., Larson 1981; Hunter & Fleck 
1982; Henriksen & Turner 1984; Dickman 1985; Scalo 1987; Falgarone 1989; Fleck 1992). 
Recently, Vázquez-Semadeni, Passot & Pouquet (1995a, Paper I) have suggested that the 
apparent virialization may be due to nearly-virialized clouds having longer lifetimes, alt

hough the flow may not neccessarily have a tendency towards forming virialized clouds. In 
arder to test this conjecture, we have initiated a program to produce "surveys" of the clouds 

that form in numerical simulations of the interstellar medium (ISM) including magnetic 
fields (Passot, V ázquez-Semadeni & Pouquet, 1995, hereafter Paper II), and to evaluate 
the various energies and terms in the virial theorem for each cloud. 

Iu this paper we present preliminary results of this work. In §7.2 we briefly describe the 
numerical algorithm and define the relevant quantities. In §7.3 we present measurements 

of the various energies and comparisons that indicate rough equipartition between them. 

____ ____cFc...ci=n=al=-ly, in._§7.4_w_e___s_u.mmarize._aruldiscuss_the-results. 

7. 2 The Method 

The ·two-dimensional numerical simulation from which the data are taken represents a 

square region of 1 kpc on a side in the Galactic plane1 at roughly the Solar_ circle. Details 
on the nurnerical n1t,:U10<l can be found in Papers I and II. The simulation gives the time 
evolution over 1.3 x 108 yr far all relevant physical quantities including the density, velocity, 

temperature and magnetic field, respectively measured in units of po = l cm-3 , uo = 11. 7 

km s-1 , T0 = 104 K and B0 = 5 µG. The gravitational, kinetic, internal and magnetic 

energies (respectively Eg, Ekin, Eth and Emag) are defined a.s1 

Eg = -1 J p<jJdV, 

Ekin = t / pu2dV, 

Eth = ~ J PdV, 

1Nota del Autor: Nótese que la energía magnética está definida con un factor de 1/2 en lugar del factor 
l/81r. La razón <le esto es que hay un factor de 1/41r ya incluido en la adimensionalización de las ecuaciones 
del código. 
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FIGURA 7.1: (Left) Density (contours) and velocity (arrows) fields ofthe numerical simulation at t ::e 6.6 x 107 

yr into the evolution. (Right) Same for the temperature (contours) and magnetic field (arrows). This is a two
dimensional simulation with a resolution of 512 grid points per dimension. 
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FIGURA 7.2: :-.fasks <ldininfs the ~-.i.riou~ rlrnids at l"th ~ 4 (left) ami Pth =-= lG (dght.). Tht~ integrals involv,,d 
in the cakulation of thf' variu1ts ern-rgÍf.'8 an• cakulaU'd as s111ns m·1•r thP ;,n•a,,; ,J¡,fln,•d by !l,P 1na .. ,ks. 

~ 1 / 2 é\nag = 2 B dV. { 7.1) 

In Fig. 7.1 (lcft) we .show the density (coutours) and tlw vclocity (arrows) fielrli; at 

t = G.G x 107 yr. Similarly, Fig. 7.1 (right) shows the temperature and the magnetic fü•lds. 

From Fig. 7. L i t i;; cvirknt that thc ddinition of a ··cloud" is sornew hat ambignous. as 

smalh-,r, rlc•nscr domls arr hiPrarchically t)('sted withiu larger. lPss clcuse condeusations. as 

c•x¡H•t·tcd for fiows in which thc local dcusity probahility distrihntiou fuuctiou is imk-pcndeut 

of th(~ local av1•r,-t,l'P density ami dccay:-. at lea:;t cxponentially with the fluct11atin11 arnplitrnk 

(Vázqucz.-Sernadcui 1094). In this paper wc adopta sirnplistic apprn.:tdi, and define a dowl 

as a coHnected set of poiuts whose den.sities are larger thau an arbitrary tbrcshnld fltli. 

\Vith rhis defi11ítiou. we 1rnve dcvdoped a 11umcrical algorithrn that idcntifies and labPls 

all cloucls, givcn Ptb, and produces a ··mask" file which can be uscd on all tbe other fidds 
(Fig. 7.2). This allows ns to perform the above intcgrnls inside tlw exact clond perinwters 
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and to evaluate the energies for each cloud. A full "survey" is made by taking several values 
of Pth, in order to include a wide range of cloud sizes. This is equivalent to combining 
observations obtained with severa! different tracer molecules. Note also that including 
clouds defined through various values of Pth <loes not amount to including the same cloud 
several times) since "child)! clouds may have substantially different average properties than 
their ''parents". In particular, in the discussion and figures below, we have taken Pth = 4 
(squares), 8 (triangles) and 16 (stars) (in code units). 

7.3 Results 

In Fig. 7.3a we show a plot of log !Egj vs. log(&mag + 2l'tb + 2t'kin), together with the 
line log IEgl = log(Emag + 2l'th + 2Ekin)- A clear correlation between the gravitational and 
the sum of the remaining energies is observed, although with a dispersion of roughly an 
order of magnitude, similar to that found in observational studies (Myers & Goodman 
1988b; Falgarone et al. 1992). Furthermore, it appears that the gravitational energy is 
systematically too low, and thus, acmrding to this plot, most douds in the simuiatiou are 
not gravitationally bound. 

However, it is well known (e.g., Shu 1990) that if the pressure is nearly uniform throug
hout the flow, then the contribution of the ínternal energy of the doud is nearly balanced 
by the external pressure acting on the boundary of the cloud. In the simulation, the typical 
pressure contrast between clouds and the intercloud medium is ~ 5, except in regions of 
star formation. The exact contribution of the externa! pressure requires an integral over 
the cloud's boundary, which will be discussed in a future paper. In this preliminary report, 
we show in Fig. 7.3b a plot of log [l'gl vs. log(t'mag + 2l'kin), which corresponds to the case 
in which the surface pressure term exactly balances 2Eth• The actual situation must lie 
between the limiting cases depicted in Figs. 7.3a and b. 

In order to search for possible equipartition among different forms of energy, in Fig. 
7.4a we show a plot of log(t'mag) vs. log(2t'kin), and in Fig. 7.4b we show a plot of log(2Eth) 
vs. log(2Ekin). A tendency towards equipartition between the turbulent kinetic energy and 
the magnetic and internal energies is apparent, again with a typical dispersion of roughly 
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FIGURA 7.4: a) log/Egl vs. log(Emag + 2éth + 2Ekin)· b) log lf,1;1 vs. log(Emag + 2EJ<;n) 

an order of magnitude. Note that in Fig. 7.4b a deviation from equipartition seen at low 

values of the energies is probably an artifact of the simulation1 because at small scales the 

velocity is damped by dissipation. 

7 .4 Conclusions 

lu t.his paper wc ha.V() i11troduccd a simple algnrithm for ichmtifying all clouds in numerical 

sinmlatious of tlw ISM aud pn•scuted prcliminary statistic1-, OV('r tlw cloud sarupl!'. The 

gravitational ew'rgy appcars to lw in rough balanf'e with the rcmaíning forrns of PJH~rgy, 

although with non-ncgligihle {lispc~rsiou. This rcsult. is similar to thosc obtaincd from 

obsPrvations (C'.g .. Larsmi 1081: Myers & Goodman 1988a,b), and has lweu takr>n in thost' 

work,; to he índícatívt: of uea.r-virialization ill donds. However. we emplutsi;,;e that thc 

surfac(' tenus in the virial thcorem ma.y havc an irnportant, if not dccisive. coutríbutiou 

to tlw overal1 virial balance of the clrnuis, as alrcady snggestt,d by the role of the thcrmal 

prPssun~ in tlw data prtsC'IJted hcrc. 

Thc fact t.l.tat thcrc scews to he a treud for clou<ls to exhibit balance bd.wt~eu grnvity and 

its opprnüug age11ts suggt~sts that thc fiow may iudced have a ternkncy towards produciug 

ttcarly-viria1 clonds. in contradictiou with thc conjccture in Paper I. Howevcr, the rclatively 

srnall dis¡wrnion about this balance may be au artifact of the low contrnst iu Pth used here 

d.ue to numPrical difficulties. This sdccts agaiust smalL low-densíty douds in which grnvity 

is :mh-domiuaut. Tlüs dif-ficnlty. pluii the coutrilrntion of the snrfacc t.Pnns. the neccss,Lry 

tHCHiifications to the virial tlworc111 iu two-dirncH.sions. ;-rnd tlw 1ougevity of doll(is as a. 

fuuction of thrir closrucss to viríal halancf•. all uccd to be ass('S(•d lwfon, a c<mdusivP 

aHs\V('I c·ai1 lH~ givt'll. \Vork is cnrreut.ly in progrcss t.o addrcss t hesc íssncs. 

7.5 Fé de Erratas: 

f\ótc~se que el artículo original (Ballesteros-Paredes & Vázqw,~-Semadeni 199D), tiene <los 

crrnta.s t'n la Figura 11: Por nn l;:ido. el pi<' de figura es el mismo qnc el de la Figura 3. Por 
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Artículo2 

Virial Balance in Turbulent MHD Two Dirnensional 
N umerical Simulations of the ISM 

Javier Ballesteros-Paredes and Enrique V ázquez-Semadeni 

pu hlicado ('Il 

Star· Formation, 1\/mr and Far. 
Etls. S. 8. Holt t; L. G. kforuly. (Nf'w York: AIP Pres:-;). JJ. 81. 1997. 

Resumen 

Prc1-wnt.arnos reimltados del análisis virial cu siumlaciones bidimensioriales (2D) comph•~ 

tanwut<· no-lineales drl l'vIIE. Discutirnos el Teorema Virial enlcriano en 2D, y describimos 

resultadrn, prclimiuan~s del balanc<' viríal de las nubes e11 las Himulacioues. Las nubes están 

lejos rk P<¡uilihrio estático. y el teorema virial c·s tlowinado por los términos que contit~rwu 

dPrivadas \.('mpora.k.s. indicando h1 importancia. dd flujo a trnv{•:,; d¡• hu, frontt•rns de la. 

nube y d(' la redistribución de la masa. Se uhsnva además que el t{•rmino gravitadoual 

r·s más irnportautf• a rnayorc•:-; e.sea.la:-. auucpie alguna:-; pequr•üas nube:- son fm·rt.f'IIW1lt1'. 

autogravitantcs. Los términos magué>ticn y r·inM.ico escalan lincalrnc11tP entre sí. 

Abstract 

\N{' prest~nt. n•sults from a virial analysis of fnlly nonlinear two-dinwnsional (2D) sinm

latious of tlw ISI'v1. \\'¡, discuss tlw Eulcrían Viríal Theon~m in 2D. and describe prelimínary 

rP.sults on the virial hudg-r~t of douds iu thc siumlatious. Thc clonds are far frorn a static 
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equilibrium, and the Virial Theorem is dominated by the time-derivative terms, indicating 
the importance of flux through the cloud boundaries and mass redistributions. A trend 
towards greater importance of the gravitational term at larger scales is observed, although 
a few small clouds are strongly self-gravitating. The magnetic and kinetic terms scale 
linearly with each other. 

8.1 Introduction 

Vázquez~Semadeni et al. {1995a, hereafter Paper I) and Passot et. al (1995, hereafter 
Paper II) have produced a numerical model of the interstellar medium (ISM) including 
enough physical agents as to render it feasible to perform statistical studies of the douds 
formed in the simulations. The simulations include self-gravity, magnetic fields, paramete
rized cooling and diffuse heating, the Coriolis force, large-scale shear, and Iocalized stellar 
energy input. In the present work, we discuss the Viríal Theorem (VT) as it applies to the 
simulations, and present preliminary statistical results from a two-dimensional (2D) simu
lation with a resolution of 800 x 800 grid points, performed specifically for this analysis. In 
§ 8.2 we discuss the VT, applying the formalism developed by McKee & Zweibel (1992) 
to the 2D case. In § 8.3 we describe the cloud-identifying algorithm and show preliminary 
statistical results, and in § 8.4 we present sorne remarks and discuss future work. 

8.2 Virial Theorem in 2D 
The VT is obtained by dotting the momentum equation (eq. [lb] in Paper I) with the 
position vector x and integratmg over volume. Mcffee-&-Zweibel-(-l-992-)---have-discusseci____ 
an Eulerian form of the VT, which is most appropriate for our simulations, since they are 
performed with an Eulerian code. Because the simulations are 2D (in order to reach a 

sufficiently large re::mlution), we must consider the VT in 2D as well. It reads: 

~d2IE =2(-r,,: +...-· t\ +M-W-E _!dél} (8.1) 
2 dt2 -- \ ... n •m) . cor 2 dt 

where Tkin = 1/2(! pu2 dV-fx XiPUiUjñjdS) is the kinetic term, Tint = J PdV -1/2 fs PxiñidS 

is the thermal term, M = l/81r fs XiTíj'njdS is the magnetic term, W = J XiP 9idV is the 
gravitational term, Ecor = 2 J Xi(O x u)idV is the Coriolis term, él} = fs puir2ñidS is 
the flux of moment of inertia through the surface S, and p, u, P and 9i are the den
sity, velocity, thermal pressure and self-gravitational acceleration, respectively. Because of 
two-dimensionality, we must replace volmnes by areas and surfaces by con tours in ( 8.1). 
However, we retain the above notation for generality. Since in 2D1 v7 · x = 2, in equa
tion (8.1) we note the three following interesting points: a) Although magnetic fields 
are present in the surface term M = fs Xi Tíj ÍI-J dS, (where the Maxwell stress ten-
sor is defined as Tij :::: 1/471"[BiBj - 1/2B2ói,j]), the "classicalÓO magnetic energy term 
Emag = l/81r J B 2dV <loes not enter the virial equation, so it <loes not provide support 

1Para una discusión más precisa sobre el Teorema virial en 2D, consúltese el apéndice §B. 

54 



Parte II Virial, Balance Energético y Relaciones de Escala §8 Artículo: Virial Balance in ... 

against gravity2 . b) The internal energy Eint = J PdV <loes not contain the 3/2 factor as 
in 3D. Nevertheless, in 2D this term still coincides with the total interna! energy, becau

se there are only two translational degrees of freedom. e) Additionally, it can be shown 

that the gravitational term J Xi p 9i dV <loes not coincide with the gravitatíonal energy 

Egrav = 1/2 f p q> dV as it does in 3D for isolated clouds. Essentially, this is due to the 
slower distance dependence of the gravitational potential in 2D. 

8.3 Preliminary Statistics 
In order to calculate the terms in equation (8.1), we have performed a 2D simulation 

similar to the one called "Run 28" in Paper II, but with a resolution of 800 x 800 grid 
points. In this run we analyze the data shortly after turning off star formation, in arder to 

allow for the largest possible density gradients (see Vázquez-Semadeni, Ballesteros-Paredes 

& Rodríguez 1997, hereafter Paper III) while still retaining the structure induced by the 

stellar energy injection. We have developed a numerical algorithm to identify clouds and 

evaluate within them the various terms entering the VT, as well as their velocity dispersion 

and mean density. We define a cloud as a connected set of pixels whose densities are larger 

than an arbitrary threshold Pth· Previous calculations (Paper III) have shown that the 
simulations exhibit similar scaling properties as those observed in real interstellar clouds 

(Larson 1981), except for the density-size scaling relation, supporting the possibility that 

it may be the result of an observational effect (see also Larson 1981, Kegel 1989, Scalo 

1990). With this motivatiou. WP have now pcrfornlPd evalnations uf thc various knus in 

the VT. \Ve havc1 thc foltowing prcliminary rcsults: 1.- Both tlw second dcrivativc of the 

monwnt of iuntia aud thc last tcnn in thc cquatiou (8.1) are dominant. in the ovcrall virial 

balance {fig. 8.la). 2.-Comparing t.lll' rcmaiuing terms. the tnrhulent tcrnu; ar(' sceu to 

domiuatP (fig. 8. lb). 3.-ThP surface temu; (which are oftcn rwglccted nndcr the assurnption 

of va11ishing fidds ouL1,íd1· tlw douds) arn in general of rnagnit.mlc comparable to that of 

thc volumctric 01ws {figs. 8. lc aud d). 4.-The gravitational tena is most important at large 

scalcs (fig. 8.le). Howewr, thcrc are a few small (Iow cnergy conteut) clouds which have 

larg(' values of thc gravitational tern1. Thcse may he the bcst candidates for collapsc and 

star formation. Thcír 1,carcity appcan, consisteut with the low efficicncy of star forrnation. 

5.-The rnagnctíc term and the smn of thc kinetic tcrms are proportional to cach uthcr (fig. 
8. lf). This suggests there is cquipartitiou hctweeu kinctic ancl magnctic modcs, except 

for a conHtant factor, which may he due to thc fact that clouds ha.ve bulk vdocities with 

rPs¡wd to tlw integ:ration voluuw. 

8.4 Final Ren1arks 
Tlw dmninaucP of the time-dcrivative all([ kinetic tcrms indícates the importance of flow 

through thc volumr boundarics. coutrary to the cases considcrcd by i'vkKee & Zweibel 

(1992). In order to 1ninimiz1~ this effect, it appears neccssary to consider Eulerian volu

m<'s iusta.utaneously at rest with respect to the centcr of ma.<,s of thc clouds. HowevPr, 

~Para una rlíscusión solm, la c-onr.rillllrión magnética al soport<• Pn 2D, consúlt.e,,e ('¡ apéndi<·(' I3. 
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FIGURA 8.1: In all panels, the solid line is the identity. (a) 1/2lld4>/dtll vs. 1/2lld"J/dt2 II- Their near equality 
shows that the term 1/2d4>/dt dominates the virial sum, indicating the importance of the variability of the mass 
flux through the clouds' borders for the total virial balance. (b) Volume-plus-surface kinetic terms vs. the virial 
sum neglecting the 1/2d<1?/dt term. The near equality of both terms indicates the dominance of the kinetic terms 
over the remaining ones. This effect may be due to cloud bulk motion and should be eliminated by using an 
instantaneously-at-rest frame of reference for each cloud. (e) Vo!ume vs. surface terms far interna! energy (pressure) 
and (d) kinetic energy. The surface terms are seen to be comparable to the volume terms in general. The few points 
with large scatter in (e) are likely to correspond to regions of anomalous pressures dueto recent star formation. (e) 
The gravitational term W vs. the sum of the remaining virial terms. A trend towards greater importance at larger 
scales is seen. However, a few points at near balance with gravity are seen at ali scales. (f) Magnetic term M vs. 
the sum of the kinetic terms. An almost linear relation is observed. This is consistent with equipartitíon betwcen 
kinetic and magnetic modes, if an offset is present, again due to the fact that clouds may have hulk velocities with 
respect to the integration volume. 

56 



Parte II Virial, Balance Energético y Relaciones de Escala §8 Articulo: Virial Balance in ... 

preliminary attempts suggest that the flow through the boundaries cannot be eliminated 
completely, sínce the clouds are extremely amorphous and change shape rapidly. This work 
will be reported in a future paper. 
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Capítulo 9 

Las Relaciones de Larson 

9.1 Las Relaciones de Larson y Algunas de sus Implicaciones. 

Adicionalmente al posible balance energético, el teorema virial ha sido utilizado para ex

plicar las relaciones de escala encontradas observacionalmente por Larson (1981): 

(9.1) 

Como s!' indiC"a l'n <·! capítulo 10, los valores más frl·cwmt!~mcntc rneucionados para o y ¡-J 

:-;011 ~l y 0.5, rPspl'ctivauH~tltc (vnr, por ej .. Larson Hl81: Torrdles et al. 1983; Mycn; 1083: 

Fal,e;,mHw Pt al. 108G: !vlyers & Goodrnau 1988a y b; de.) Las relaciones dl: escala (9.1) 

tit>m•n algunas írnplicaciones físicas irnport,wti>s: 

1. El valor tt = -1 tieuc la implicación (fo que la densidad cohmmar N es constante• 

para un medio dP densidad volumótrica com,tante. En ese caso particular, 

(D.2) 

d(' uuuwra que cabe la pregunta ¡,sería posible~ que lns nubes iutlcrcstelarcs. con ta

marios y cararteríst.ica;-; que varían c11 machos órdc11e1, de magnitud. tuvieran la misma 

densidad colu11111ar'? Como se discut<c en ~10 (ver ta1Bbi{:n Larson 1981: Kcgd 1989: 

Scalo 1990), d resultado de deusídad colunmar coustante pucdt• ser cm1sccmcucia 

del limitarlo intervalo diuámico dP las ubscrvacioues. las cmtks difícilmente po<lríau 

detectar una n11l)(' ck t.amaiio pcqueiit> y dl~w;idad volmnNrica baja (es decir. de 

dcnsillad ('Olmrmar ¡H•queüa). Exisk evidencia obscrvaC"ional ( Falgarone d al. 1991) 

y u111u{•rica ( Vázqm·z-S(•madeui & Ballcsteros-Par('<lt>s & Rodríguez 1097). ( ver 910) 

ck que• la rt'laci(m densidad promedio-tamaño uo e:, real. sino que r,s rcimltado de las 

limitadou('s dinámicas d0 la.s obsnvaciorn•s (Sca1o 1990}. 

2. Si se supone equipartición 1 entre la energía gravitacional y la cinética. y algún valor 

l :\ótt•se qui' frc·nH'llt!!tll!'lltr se dicP ··equilibrio \'Írial" rn lugar de equipartidón (r.g .. Fuller ó.: ;\[y<•rs 

l!J92). Sin <'mbarµ;n. corno se mencionó en ~6.5. c·quíparticitm no nrn•sariamente implica N¡uilihrin virial. 
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particular para alguno de los exponentes a o (3, entonces el otro exponente queda 

determinado (ver, por ejemplo, Shu et al. 1987; Myers & Goodman 1988, Vázquez
Semadeni 1999): 

(9.3) 

por lo que, en este caso, (3 = (a+2)/2. En particular, si a= -1 entonces 6v ex. R 112 _ 

En otras palabras, a = -1 y (3 = 1/2 satisfacen simultáneamente la equipartición 
entre la energía cinética y la gravitacional. Sin embargo, cabe notar que estos valores 
no son únicos, sino que existe un continuo de valores /3 = (a+ 2)/2 que satisfacen 
estas condiciones_ (Vázquez-Semadeni & Gazol 1995). 

3. Un resultado similar se encuentra si se supone equipartición entre la energía magnéti

ca y gravitacional, de manera que óv ~ VA, donde Va es la velocidad de Alfvén (Myers 
& Goodman 1988). En estas condiciones, las nubes típicamente deberían tener una 
masa cercana a o del orden de la masa crítica Mcp, definida en §4.3. 

4. Existe una escala característica, Ro, para la cual la dispersión de velocidades es igual 
al ensanchamiento térmico. Dado que el ensanchamiento térmico depende de la masa 
de la molécula que se esté observando, esta escala característica varía dependiendo 
del trazador usado. Sin embargo, para las moléculas más utilizadas, y dentro de las 

regiones más densas y frías (T ~ 10 K), dicha escaJa es del orden de 0.01 a 0.1 pe. 

--~--~---'-'E~s Jmporta.n1&_mencionar que mientras que el teorema virial se aplica a la evolución 

de una parcela de fluido (o a una región del espacio en el caso de la versión euleriana), las 
relaciones de escala, tal como las estableció Larson (Larson 1981), se satisfacen para un 
conjunto (ensamble) de nubes. 

Algunos trabajos se han enfocado a analizar relaciones de escala dentro de una misma 
región, estudiando la posible variabilidad del ancho no térmico de la línea como función 
de la distancia .:tl centro ( má..··dmo de intensidarl) rle la región ( e.g., Fuller & Myers 1992). 

Recientemente, Goodrnan et al. (1998) y Barranco et al. (1998), han encontrado que 

la relación dispersión de velocidades-tamaño tiene exponente muy pequeño (/3 ~0.1) en 

regiones de tamaiios ~ 0.1 pe. Este resultado ha sido interpretado por esos autores en 
términos de que se ha llegado a la "escala de coherencia" de la turbulencia, es decir, a 
escalas donde la turbulencia se disipa. Sin embargo, esta interpretación es cuestionable, 
ya que la disipación de la turbulencia implicaría que el ancho no-térmico tendería a cero, 

y no a un valor constante conforme el tamaño de la región varía. Este resultado, por el 
contrario, pudiera ser consecuencia de que los autores calcularon la relación efectuando 
un promedio sobre isocontornos de intensidad, pudiendo entonces borrar la variabilidad a 

pequeña escala a lo largo de dicho isocontorno (Ballesteros-Paredes & Vázquez-Semadeni, 
en preparación). 

Por otra parte, se ha encontrado que la relación llv-R presenta diferentes exponentes 

de acuerdo con la región que se analiza. Por ejemplo, regiones de formación estelar masiva 
tienen exponentes más aplanados (Carr 1983; Caselli & Myers 1995), mientras que regiones 
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de formación de estrellas de baja masa parecen tener exponentes más parecidos a los valores 

estándar de f3 ~ I/2 (Torrelles et al. 1983, Myers & Goodman 1988a, b); y regiones Hil 
ultracompactas tienen incluso exponentes ¡3 negativos (Xie et al. 1997). 

Finalmente, en la mayoría de los estudios observacionales se interpreta que la gran 
dispersión ( de 1 a 2 órdenes de magnitud) en los datos respecto a los valores de balance virial 

es debido a la incertidumbre en los datos (ver, por ejemplo, Myers & Goodman 1988a,b). 

Sin embargo, esta dispersión puede ser real, implicando que no existe un verdadero balance 

virial, como han señalado Scalo (1990) y Vázquez-Semadeni (1988), entre otros. 

Otras explicaciones de las relaciones de Larson (9.1) han sido propuestas por diferentes 
autores. por ejemplo: 

• Larson (1981) menciona la posibilidad de que la relación densidad-tamaño pueda ser 

consecuencia de choques planos, de manera que, en general, la densidad columnar 
se mantenga razonablemente constante a lo largo de la dirección de propagación 

del choque. Nótese que esto concuerda con nuestro resultado de que las nubes son 

formadas por choques o compresiones (§13). Sin embargo, si bien este mecanismo 

podría explicar la constancia de la densidad columnar para una nube dada, no es 

claro que todas las compresiones involucren la misma masa y tamaño. Entonces, la 

relacion densidad-tamaño para un conjunto (ensamble) de nubes de diferentes masas, 

tamaños, etc., no queda claramente explicada. 

• Chi(~z(' (l!.l87) prnpOIH' que uu conjunto de nubes aJ borde de la inestabilidad graví

tacíonal Pn uu aiuhí!~ute con presión externa debe satisfacer las n~lacioncs de Larson. 

• La rP!ación b.P-R1i2 p1wdc ser coHsecucncia ch, que un campo de velocidades dorni

uado por dwqnes tíene un cspf'ctro de (!ncrgías de la forma 1-;,- 2 , siempre y cuando 

pueda asociarse L'.111 2, el ,1,ncho no-tfamico dt-': la líne,i. con 11.¡, la euergía cinftica cua

drática media por unidad dP ruas<t en modm, tnrbulcutos de tarnaiío meuor o igHal 

q1w una m,cala l. Para verificar esto de mauera c:uali tati va demostraremos primcra

nwnte que para nn choqm' 1111idimcusional, el espectro de energías es del tipo 1;-2 • 

Representemos cutoucl's a] choque por un campo de velocidades de la forma 

v(x) x H(:r - .ro) 

doud<• H ( :r ~ :ro) r~s la fuución esca1óu o de H eavisidf•. Para encontrar sn rcpresc11-

tadúu en e:] espacio rlc Fouricr. notemos qtw la deriv<tda di· c•sta fnrn:ióu f'stá dada 

por: 

du(:c) 
x á(:r - J:0 ) 

r/J: 

donde J (r - :r0 ) es la fuuciúu delta de Dirac. Entonces. la transformada de Fourier 

(FT) dn la derivada espacial del campo de velocidades es una función constante: 
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donde k es el número de onda. Como la transformada de Fourier de una derivada 
espacial es k veces la transformada de la función, entonces 

de manera que el espectro de energías de un choque queda dado por 

(9.4) 

Ahora bien, dado un espectro de energías E{k), la energía cinética cuadrática media 
por unidad de masa contenida en modos de frecuencia mayores a 21r /l esta dada por: 

u¡~ (.o E(k)dk. 
Í21r/! 

Si E(k) ex: kn, con n < -l entonces 

2 (21T) n+I 
U¡ (X -

l 

En particular, paran= -2 (espectro de choques, ec. (9.41) 

(9.5) 

-------F-inalment.e,-elúltimo_paso, y a su vez el más incierto, consiste en asociar la "velocidad 
característica" u¡ con ó.v(l), la dispersión de velocidades observaaa en una-región-de-----
tamaño proyectado l en el plano del cielo. En el caso de u¡, ésta es, típicamente, la 
diferencia de velocidades característica entre puntos separados por una distancia l, 
obtenida como un promedio sobre todo el espacio, y está relacionada con la función 
de estructura del sistema (ver, por ej., Vázquez-Semadeni 1999). Por su parte, .6:u(l) 
es ia dispersión de velocidades c.a.racter!stica en el plano del cielo, observada en una 
región particular, utilizando un trazador dado e integrada a lo largo de la visuai. 
Entonces, en principio, no hay razón para esperar que estas dos cantidades sean 
iguales, aunque si se supone que el tamaño de la región a lo largo de la línea de visión 
es comparable a su extensión en el plano del cielo, es de esperar que .ó.v(l) sea, en 
promedio, similar a u¡. 

Existen en la literatura otras explicaciones para las relaciones de escala, por ejemplo, 
las cascadas de momento angular (Henriksen & Turner 1984), densidad de energía cinética 
(Ferrini et al. 1983; Fleck 1996), etc., aunque en el presente trabajo no serán consideradas. 
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9.2 Trabajo Publicado al Respecto 

Las simulaciones constituyen un laboratorio ideal para estudiar la presencia y origen de 

estas relaciones, pues, por un lado, satisfacen la misma física (o al menos, muy cercana

mente) que el MI real, y por otro, no se encuentran sujetas a las limitaciones inherentes a 
las observaciones, como son el tiempo de integración, el ruido instrumental o incertidum
bres debidas a los efectos de proyección, etc., aunque por otro lado las simulaciones están 
limitadas por la resolución máxima que puede alcanzarse y la dimensionalidad, así como 
los efectos disipativos artificiales, propios de todo código numérico. Sin embargo, con estas 
limitaciones es posible sugerir cuáles son las bases físicas de dichas relaciones. Así, en el 

siguiente capítulo (§10) estudiamos las relaciones de Larson y el espectro de masas de las 
nubes obtenidas en simulaciones numéricas. 
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Capítulo 10 

Artículo 3 

A Search for Larson-Type Relations in Numerical 
Simulations of the ISM. Evidence for Non-Constant Column 

Densities 

Enrique Vázquez-Semadeni, Javier Ballesteros-Paredes and Luis F. 
Rodríguez 

ApJ. 474. 292 1997 

Resumen 

Pn•scutamos resnltados de uu estudio l~tadístico de nubes en simulacimm, numéricas 

bi<limensionalcs del medio interestdar. Las nubes en las simulaciones presentan un espectro 
dt• masa:-; diferencial de la forma dJV(Af) / d.J\1 ~ 1\tf-1.4,i±o.I y una relación dispersión de 

vdocirfa.des-tamaiio de la forrna ~v ~ R 0 -41:±,o.os. Sin embargo. las nnlws no preseutan una 

dara relación dcmidad-t.amaiío. A 1111a densidad prom(~dio dada. las nubes se encuentran 

clispernas sobre 1111 intervalo de tarnaüos desde las escalas más pcqueüa ... '- r<!sue1tas ha.-;ta 

la mAxima. dada por mw. rl'cta envolvente tipo de rdaciún di' Larson R 111 ,,_-x. ~ ¡l'. cou 

o = -0.81 ± .15. a1mrp1c no es posible descartar los cfoctos ntm1é'ricos como re1-;po11sablcs 

d11 esta última correlación. La.-; nnbc!-i. adiciouahucnte. están distribuida..., en uu intervalo 

de densidades columnarcs N de dos úrdcnes de magnitud, apoyando 1a sugerencia de que• 

la relación densidad-tamaño 1meda ser consecnenda de las limitadoues de los censos. En 

este caso. la relación !Sv-R puede ser interpretada. como una consecnencía directa cfo un 

espectro tnrhnlento de la forma 1.:- 2 • rnás que del equilibrio víríal de las nubes satisfaciendo 

una l<'y p x n- 1. El C8pcctro 1,:- 2 es verificado en las sinwladoIJC8 y es característico de un 
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campo de choques. Sin embargo, también discutimos la posibilidad de que las nubes estén 
en balance entre la autogravedad y la turbulencia, pero con una dispersión de al menos un 
factor de 10 en la relación t::..v-R, y de 100 en la relación densidad-tamaño., de acuerdo 
con la relación t::..v ~ (NR) 112• 

Adicionalmente, comparamos estos resultados con datos observacionales. Proponemos 
un modelo simple que sugiere que recientes resultados, los cuales encuentran densidades 
columnares aproximadamente constantes para nubes IRAS oscuras, pueden ser artificiales, 
debidos a un gradiente de temperaturas en las nubes, inducidos por el calentamiento radia
tivo externo. Como consecuencia, enfatizamos que el brillo superficial de los mapas IRAS 
no son apropiados para medir densidades columnares. 

Abstract 

We present results from a statistical study of clouds in two-dimensional numerical 
simulations of the interstellar medium. The clouds in the simulations exhibit a differential 
mass spectrum dN(M)/dM ~ M-1.44±0.I and a velocity dispersion-size relation Av ~ 
R0.4I±o.os. However, the clouds do not exhibit a clear density-size relation. At a given mean 
density, clouds span a range of sizes from the smallest resolved sea.les up to a maximum 
given by a Larson-type relation Rmax ~ pe,, wíth a = -0.81±.15, although numerical effects 
cannot be ruled out as responsible for the latter correlation. The clouds additionally span 
a range of column densities N of two orders of magnitude, supporting the suggestion that 
the observational density-size relation may be an artifact of survey limitations. In this case, 
the ílv-R relation can be interpreted as a direct consequence of a k-2 turbulent spectrum, 
rather than of virial equilibrium of clouds satisfying a p ex: R-1 law. The k-2 spectrum is 
verified in the simulations and is characteristic of a field ofshocks._Howe_ver,_we...also-diSGuss---·· 
the possibility that the clouds are in balance between self-gravity and turbulence, but with 
a scatter of at least a factor of 10 in the íl.v-R relation, and of 100 in the density-size 
relation, according to the equilibrium relation íl.v ~ (N R)112• 

In additíon, we compare these results with observational data. We propase a simple 
model suggesting that recent results which find nearly constant column densities for dark 
IRAS clouds may be an artifa.r.t of a temperature gradient within the clouds induct!<l i.>y 
externa! radiative heating. As a consequence, we emphasize that IRAS surface brightness 
rnaps are not appropriate for measuring column densities. 

10.1 Introduction 

Interstellar clouds appear to follow a set of scaling relations first noticed by Larson (1981), 
and then apparently confirmed (with slíght modifications) by a number of other workers. 
These "Larson's relations" have the form 

(10.1) 

(10.2) 

where R is the cloud size, p is the gas density, ~v is the velocity dispersion derived from 
the line widths, and a and /3 are the constant scaling exponents. Additionally, the clouds 
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are found to exhibit a mass distribution of the form 

dN(M) ~ Mn. 
dM 

(10.3) 

The most commonly quoted values of the exponents are a~ -1.15 ± .15, /3 ~ 0.4± .1, and 

n ~ -1.55±.15 {Larson 1981; Torrelles et al. 1983; Dame et al. 1986; Falgarone & Pérault 

1987; Myers & Goodman 1988a; Falgarone, Puget & Pérault 1992, hereafter FPP; Fuller 

& Myers 1992; Miesch & Bally 1994; Wood, Myers & Daughcrty 1994, hereafter WMD; 

Caselli & Myers 1995; see also the reviews by Scalo (1985, 1987) and Blitz (1991)). However, 

significantly discrepant values have also been reported (e.g., Carr 1987; Loren 1989), and 

the validity of these scaling relations is currently the subject of strong controversy within 

the community. 

The above"standard" values of the exponents for eqs. (10.1) and {10.2) have been inter

preted in terrns of the virial theorem (e.g., Larson 1981; Myers & Goodman 1988a; Caselli 

& Myers 1995). For a= -1 (which coincidentally implies constant column density), a va

lue {3 = 0.5 implies virial balance between self-gravity and the interna! velocity dispersion. 

However, note that for an arbitrary value of the density scaling exponent a, a correspon

ding virial balance value of (3 can always be found (Vázquez-Sernadeni & Gazol 1995). 

Thus, the density-size relation (10.1) remains unexplained. In fact, it has been proposed 

by Scalo (1990) that this relation may be a mere artifact of the dynamic range limitations 

of the observations, and does not reflect a real property of interstellar clouds. In particu

lar, in tlw casr of molecular linc data. tlw obscrvatious ar!' restrictcd to colnnrn densities 

largc cnough that the traccr rnolecule is shidclcd agaiust photo-dissociatiug radiation. On 

tlw ot.hcr haud, whilr thc• proportio11ality lietwccn line intcgrated CO intcnsity and mass 

surfan• density has bcen rdiably cstablished for extragalactic ohservations (Dickrnan et al. 

1086), this rclationship is only valid for scalcs at which calibratíom; havc been possihle. 

i.c., scaks lar¡¡;rr thau a fow pe. Fnrthcrmore. for dnmps withi11 molecular douds. tlw 

structum, i!kntíficd i11 CO often do uot corrcspoml to those frlcntificd with higher-density 

traccrs ( c.g .. Massi & Lizano 1994: .J. Scalo, priva te cou1111unicatío11). 

In this papn W<' prcscut the mass spcctnun of donds and search for Larson-type co

rrelations in thr<'P two-climew;ional 11unwrical simulations of turbule11cf' in the interstdla.r 

rucdium (IS!v1), 011c frorn Passot, Váz<1uez-Scmadeni & Pouquct ( 1995. hcreafter PVP95a), 

and thc otlwr two heí ng variants of the former wi th respcct.ívely larger density contrasts 

arnl largcr rcsolution. \Ve havc devcloped a clond-identifying algorithm which allows 118 to 

nwasnrc thc avcragl~ <l<'rnÜ ty. vcloc:i ty dis¡H'rsi011 and total mass wi thín well-dcfüwd ( t.hough 

a.rhit.rary) c:lond homHlaric's in thP dcusit.y ficlds of the simulations. Thc cloml sample thus 

obtaÍl1r>d has the adva11tagc ov<~r actna.l ohscrvations that uo tnu:cr lilllil a.t.iuns exist iu .. dP

tt-diug·· thC' clouds, although. on the ot.her harnL a form of saturatiou is pn~se11t dne to tlw 

rdativdy swall density dynamic ra11gc aml othcr 1rnmcrical limitatious of the simulations. 

lu q 2 Wf' bridiy describe the sinmlatious and the cloud-idPutifying algorithm, and in ~ 

3 wc prcscnt. the rcsnlti11¡¡; statistical clond properties. In § 4 wc analyze the lirnitations of 

tlw síurniatíons, discuss thc irnplications of the abscnce of a densit,y-sízc relatiou, and givc 

a prdíminary discussiou of tlw physícal rnechanifnns bchind thc velocity dispersiou-sizc 
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relation. We also compare the results with recent corresponding observations, in particular 
those of WMD. Finally, § 5 summarizes the results. 

10.2 N umerical Method 

PVP95a presented magneto-hydrodynamical simulations of the ISM incorporating model 
terms for cooling, diffuse heating and local heating from star formation. The simulations 
sol ve the equations for the evolution of the density, velocíty, internal energy and magnetic 
fields in the presence of self-gravity, namely 

8p 2 
8t + 'v . (pu) = µ 'v P, 

&u VP 8 ( J )2 1 - +u· Vu = -- -vs'v u- - 'v<p + -('v x B) x B -2!1 x u, 
&t p Ma p 

&e . 'v2e 
&t +u· 've= -(1 - l)e'v ·u+ ,-.Tp + r d + rs - pA, 

8B 
&t = 'v x (u x B) - vs'v8B, 

v21> = p-1. 

(10.4) 

(10.5) 

(10.6) 

(10.7) 

(10.8) 

We refer the reader to Vázquez-Semadeni, Passot & Pouquet (1995a) and PVP95a for full 
details on the simulations. Here we just point out that the simulations from which the 
data are extracted represent a square section of the ISM along the Galactic plane of size 

-----~l~kp~n a_s_id.e., with_a_r_esolution _ _oL5l2_grid__points_per__dimension._Also,-it-is-impoi:tant,____. __ -

to note that all the evolution equations contain dissípative or diffusíve terms which are 
necessary since the numerical technique used to solve the equations (spectral method) 
does not produce numerical viscosity, so the dissipation must be inch1ded explícitly. The 
momentum and magnetic field equations contain "hyperviscosity" terms of the form V 8 , 

which confine the viscous effects to the very smallest scales in the simulations (Babiano 
et al 1987; McWilliams 1984). However, although globally dissipative, hyperviscosity is 
not everywhere positive definite (Passot & Pouquet 1988), so standard Laplacian terms are 
used in the continuity and interna! energy equations. 

Throughout the paper, densities are expressed in units of 1 cm-3 and velocities in units 
of 11.7 km s-1, the units used in PVP95a. In particular, in the present paper we will use 
data from the run labeled Run 28 in PVP95a. However, the star-formation scheme used 
in the simulations of PVP95a assumes that a star is fonned wherever the local density 
exceeds a critica! value Pth· (A "star" in the simulations is a point source of heat.) This 
naturally imposes an upper limit on the densities reached by the model, since the stellar 
heating increases the local pressure and causes the gas to expand. Thus, densities above 

Pth are very rarely reached. In Run 28, Pth = 30, limiting the density contrast Pmax/ Pmín 

to values ~ 1000. In arder to obtain a somewhat larger dynamic range, we ha.ve performed 
an additional run, called Run 28bis, which is identical to Run 28 up to t = 6.5 x 107 yr, but 
afterwards has the star formation tumed off. This run ends up collapsing gravitationally at 
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t ~ 8.8 x 107 yr due to the lack of support from stellar energy injection, but intermediate 
times provide -a good framework far study, exhibiting density maxima ~ 100 cm - 3, and 

density contrasts ~ 5000. Finally, a run similar to Run 28bis but at a larger resolution 

(800 x 800, refered to as Run 28.800) was also performed to discuss the effects of dissipation. 

Asan illustration, fig. 10.1 shows a contour plot of the density field of Run 28 at t = 6.6 x 107 

yr, with the velocity field represented by the arrows. Note that, although the size scales 

represented by the runs are larger than those studied by most papers concerned with cloud 

statistics, we expect the results to be applicable, since all terms in the equations solved in 

the simulations are scale-free, except far the dissipative ones. 
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FIGURA 10.1: D,•usity (rontoursJ and \"t'loci!y (arrow;;) fif'lds for Run 28 at t = G.6 x 107 yr. The contours ar" 
aJmrPd togarithrnkally, with inrr!'m1•n1s of 0.3125 in log p. Th,• minirnuru dt>usít.y in this plot is 0.04 cm --J, aud thf' 
tuaxir11um dl'nsity is 40 rm•-:1. 

In ord<•r to ím·r•stigat.e t.\11· st.at.i8tital propcrt.ies of tlw dornb in t.lll' sinmlat.ious, W(' 

havc• dcvclopcd au automated algorithm which i<lentifics an<l lahcls clouds. \Ve dPfinc 

clouds as conrn\ctcd sets of pixelH with dcnsitics ahovc a uscr-dcfincd dcnsit.y thrcshold 

/lth. Thc t.ypes of clonrls that are irknt:ificd iu this way are tlms clearly depeudeut ou 

thc valuc chosen for Pth• a. somcwhat similar situat.iou to performing observations using 
various deusity tracers. As m1 cxample, figs. 10.2a aud 10.2b show the douds obt.aincd by 

respcctiV<'ly sctting f)ih = 4 and Pth = 16. at. time t ::::: 6.6 x 107 yr into the evolution of 

H.1111 28. 

69 



Parte II Virial, Balance Energético y Relaciones de Escala §10 Artículo: A Search for Larson-Type Relations ... 

, 

FIGURA 10.2: Regions ("clouds") with densities larger than an arbitrary threshold Pth in the density field of 
Run 28 at t = 6.6 x 107 yr. a) Pth = 4. b) Pth = 16. Note that small clouds with high densities are nested within 
larger complexes, but small clouds with low densities can be seen in a) as well. 

The extremely irregular shapes of most clouds are noteworthy, and in fact pose a 
problem in defining the "sizen R of a given cloud. For simplicity, here we take the size 
of a cloud as the square root of the number of pixels it contains. This definition may 
be somewhat unrealistic if clouds are fractal in such a way that their perimeters are not 

proportional to the square root of their a.reas ( e.g., Scalo 1990; Falgarone et al. 1991), but 
-----~OLsiinplicit.y_an d sim i) arit.y_to_o bser.vationaLworlcwe_adoptit_h_ere_. __ Also,_for conveníence, 

sizes are expressed in pixels in most of the figures below (1 pixel~ 2 pe). 
For each cloud found by the algoríthm, it is then a trivial matter to compute the average 

density, the mass, and the turbulent velocity dispersion, calculated as b.v = ((u-(u))2) 112 , 

where u is the local value of the velocity and (u) is the average over the cloud area. Note 

that this quantity is not density-weighted. 

10.3 Statistical Cloud Properties 

We have obtained relatively large samples of clouds by considering values of Pth =3, 4, 6; 

8, 11, 16; 23, and 29 in Run 28, and Pth =3, 4, 6, 8, 11, 16, 23, 32, 45, 64, and 90 in Run 
28bis. Clouds obtained with each value of Pth are indicated with a particular symbol type 

in the plots discussed below. In what follows, the data from R.un 28 will be considered at 
t = 6.6 x 107 yr, and Run 28bis at t = 7.15 x 107 yr, unless otherwise noted. The ~loud 

samples for those cases contain 158 and 145 clouds, respectively. 
Figures 10.3a and 10.3b show the logarithmic mass distributions of the clouds for Run28 

and Run 28bis, respectively. The masses are expressed in the nondimensional units of the 
simulations; in which the total mass contained is 47í2 , corresponding to 0.36 x 107 M0 in real 
units. The turnover at low masses may be attributed to incompleteness due to the finite 
resolution. The high-mass sides of the distributions, however, exhibit least-squares slopes 
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(fitted for log M > 0.8 and shown as the straight lines) which ímply indices n = -1.51 and 

-1.43, respectively ( c.f. eq. [10.3]). These values are within the range of values reported 

in various observational results (e.g., Wood et al. 1994; see also the reviews by Scalo 1985, 

Blitz 1991, Mundy 1994, and references therein). 
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FIG llRA 10.3: Lngaritlm,il' mass ilbtributions for a) Run 28 at t - G.6 x 107 yr and b) Run 28hb ar t = 7.15 x 107 

yr. Tlw lill<c'h t;lmw l<'ast->-q11an~s fits to dat;c bifü wit.lt log M > 0.8. and haw slopes -0.51 in a) and 0.43 in h). 

Fignres 10.•fa nml 10.4b show thc correlation het.wccn velocity disper1,1ion and siz<' for all 

c:londH with sizcs 2 2 pixels ( 1-pixcl clouds are cxcluckd as tlH'.Y have 110 velocity dis¡wrsiuu). 

LPast s4uares fits to tlw data givc slopcs (sl10wu as the solid liues) .iJ ~ 0.:37 and /J ~ O.:HJ 

rcs¡)('ctively for Rnn 28 and Ruu '28bis. with moderntdy tight corn,l.üion C(wfficíf'uts ~ O.U. 

TlH' largc scattcr of about eme ordcr of maguitnde in the corrdaJions sl10uld lw r~mphasizcd. 

This is c01nparable to the scattcr found for molccular-liue data (e.g .. FPP). The deriwd 

valtws of ¡] ~ 0.4 are slightly lower thau t.hc most cmmnonly accepted value of 0.5 ( dottcd 

lirrn-;), bu t are remarkably el ose to rieterminations that in elude hctcrogeneous data sets 

(LarHm1 1981; FPP: Fuller & Mycrs 1992). 
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FIGURA 10.4: Velocity dispersion vs. size for al! clouds in a) Run 28 at t = 6.6 x 107 yr and b) Run 28bis 
at t = 7.15 x 107 yr. Clouds obtained with each value of Pth are shown with a specific symbol as indicated. The 
solid lines show least-squares fits, with the slopes and correlation coefficients indicated. For reference, a 1/2 slope is 
indicated by the dotted lines. The cloud labels in a) and b) are respectively the same as in a) and b) of figs. 10.5a 
and b. 

______ F~1 ...... ·gures...10 .. 5a...and_l.0_.5b show the average density (ri) vs. size for the snapshots of the 

two runs. Several points should be remarked. First, note that, in general, the average 

density of the clouds is quite similar to the value of Pth used to define the cloud, and in 
fact tends to increase with size at each Pth• This is not surprising, due to the presence 
of dense "cores" inside the largest clouds at each Pth, which tend to increase their average 
density. Second, no clear correlation can be seen in either figure. Instead, at a given Pth, 

clouds dovm to the smallest possible size are seen. These are smnll douds with low densities 

and, therefore, low column densities1 N = pR. Third, the size of the largest cloud at each 

Pth is smaller for larger Pth- In particular, in both figures the set of largest clouds at each 
Pth seems to lie near a p ~ R-1 law, similar to the standard exponent in Larson's relation 

(10.1). 

1Note that the column density defined here refers to a eut through the clouds on the plane of the 
simulations, and has units of cm - 2 • To obtain a column density with units cm -I, appropriate to our two
dimensíonal problem, a multiplícation by the unit length along the third (z) dimension, perpendicular to 
the plane of the simulation, should be performed. For simplicity, we omít this constant factor throughout 
thc papcr. A similar sítuation applies to the cornputation of masses. 
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FIGURA 10.5: Average cloud density vs. size for for ali clouds in a) Run 28 at t == 6.6 x 107 yr and b) Run 
28bis at t ::;e 7.15 x 107 yr. The lines show a p oc R- 1 power law. In both cases, the largest cloud at each Pth líes 
near the p r:x R- 1 line, a.lthough other times tend to show shailower envelopes (see fig. 10.6). The full ensemble of 
clouds <loes not show any trend of (p) with R. The cloud labe!s in a) and b) are respectively the same as in a) and 
b) of figs. 10.4a and b. 

In order to test the robustness of the above resnlü;, we performP-<l the sa.me a.naly,;is 

at variom, otlwr times in both rnns. uamely at t = 7.8, (.l.l, 10.4. 1 L 7 and 13.0 x 10 7 yr in 

Run 28, and t =:7.8 ami 8.Gx 107 yr iu Run 28bis. Thc average val ne of thc exponeut rJ of 

th1! wlocity dispersimH,i>-:c relatiuu is (/J) = OAl ± .08, with typirnl corrclation (:oefficicuts 

~ 0.6. For the rnass spt'ctrnm, au average cxponcnt (n) = - 1.44 ± .1 is fouud. Thc Prrors 

are thc staudard dPviations of thc set of valncs found for all times. These rcsults co11firm 

thc fact that tlw simulations show corrdations cousistcnt wi th tlw ohscrvatious iu hoth 

Regarcliug thc density. in all cases small clouds with low den.sities cxist, the plots 

(not. shown) heing qualitativdy similar to figs. 10.5a and 10.5b, and thc foil ensemble 

of clouds not exhibiting any corrclation wíth size. The largest. douds at each Pt.h• 011 

thc othcr haud. coutiunc to cxhibit a uear powcr-law relation with size, with average 

Pxponent ((r) = -0.81 ± .lG. This is smaller than the slopes found in figs. 10.5a and 10.5b. 

which coiucidcuta.lly sccrn to haw somP of tbe stee¡wst. slopes ín tlw distributiou. This i:-; 

illnstrated in fig. 10.G. which shows density u,. sizc for thc large¡.¡t doml at each valw· of /hlt 

at ;Ll1 tiuws nrnsirkn-d :thm·1' fm tlu, two nms. lu this figure. donds oht,üncd witlt a giwn 

va.luc of Ptli at auv om.' t.iuH: in cit.hcr ruu an: shown with tlw sam(' symbol awl joined hy 

a dottni liuP. Tlw rcsnlting curves llave becn displaced by increments of 0.2 in log(p) for 

ch1rity. For refereuce. thc solid line shows a (p) ::x R- 1 power law. The thrcc upperrnost 

curves in thc fignw c01Tespoud t.o Run 28bis and. lwcause of tlu: largcr cleusity dynarnic 

rauge of this run. exhibit powcr-la.w behavior ovcr a larger rangc of scales. whik those for 

Hnn 28 satura.te at p ~ 30. For this reasou. only clouds with log R > l for H.11n 28bís. and 

with log R. > 1.5 for Ruu 28 were cousiclcwd in compnting (,t). The irnplications of thesc 
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results are discussed in 10.4.2 Far convenience, in what follows we drop the brackets when 
referring to the average density of clouds. 
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FIGURA 10.6: Average density vs. size far the largest cloud at each value of Pth at six different times in Run 
28 (bottom curves) and three times in Run 18bis (top curves, labeled "b"). Eacb point denotes the Jargest cloud at 
one value of Pth· Different values of Pth for the same time in the simulation are joined by dotted lines and indicated 
with the same symbol. The varíous curves are displaced by increments of 0.2 in lag p far clarity. The numbets next 
to each curve show the time into the evolution of the run to which it corresponds, in units of 107 yr. Note that 
time t = 6.6 x 107 yr for Run 28 and time t = 7.15 x 107 yr far Run 28bis have sorne of the steepest slopes. The 
straight line shows a p <X R- 1 power law. The average slope far ali times is -0.81, with a standard deviation of 
0.16. Because of the "compression" at high densities due to various numerical effects, only clouds with log R > l 

~Run-28bis}---or-log--R++.5-fRun-c28bi&)~were-<:onsklered-in-the.-calculatian__aL.the._av.erage_sJope (see text). 

Finally, it should be pointed out that, although clouds with low column densities exist 
in the simulations, most of the mass still resides in the largest clouds, since the distribution 
of cloud sizes at a given mean density appears to be roughly uniforrn. However, this is 
possibly an effect of the absence of supernovae in the simulations, since the "expanding HII 

regions;1 included do not have enough puwer lo <llsrupt the largest gravitationally bound 
complexes. 

1 O .4 Discussion 

10.4.1 Applicability and limitations of the results 

The results presented in § 10.3 have important implications, provided that the simulations 

are indeed representative of ISM dynamics. That this is likely to be the case, in spite 

of their two-dimensionality1 is suggested by the fact that the simulated ISM reproduces 
both the velocity dispersion-size relation and the mass spectrum of the clouds ( c.f. § 10.3) 1 

as well as other physkal properties of the ISM, such as the mean density of giant cloud 
complexes (PVP95a), the cloud and intercloud magnetic field strengths (PVP95a), the 
rate of formation of massive stars (Vázquez-Semadeni et al. 1995b), etc. However, one 
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important possible criticísm due to the two-dimensionality, is that a p ~ R- 1 scaling 

relation in three dimensions might translate into a p ~ Rº relation in two dimensions, 

just because of the elimination of one dimension. This could be at the origin of the 

near constancy of {p) observed at every value of Pth. Closer examination shows that this 

argument is invalid. Even though the clouds seem to have nearly constant densities at 

each value of Pth, this only reflects the fact that, due to our cloud-identifying algorithm, 

small, dense clouds are not seen at small Pth, since they are "hidden" wíthin the larger, low 

density ones. But obviously the density is not constant in the simulations, invalidating the 

possibility of an Rº dependence of the density. 

Another important source of concern is that a significant fraction of the clouds in the 

samples have sizes of only a few pixels, and their properties are thus likely to be affected by 

viscosity and diffusion. Thus, it is important to quantify the extent to which the results of 

the previous sectíon might be infl.uenced by these terms. In particular, the question arises 

as to whether the existence of low-column density, sma.11 clouds might be an artifact of the 

dissipative terms. 

Concerning viscosity, owing to the hyperviscosity scheme with a v78 operator, its effects 

on the velocity field are confined to wavenumbers k in the range kmax/2 ,:S k ::; kmax with 

kmax = 255 for Runs 28 and 28bis, as can be seen from the spectrum in fig. 10.10 (see 

§10.4.2). The same applies to the dissipative term in the magnetic equation (see fig. 5 of 

PVP95a). Naively, one would then expect the effects of viscosity to be present at scales 

up to twke tJw 1mialleRt. scale of the simulation. i.e., from one to two pixels. Actually. thP 

c01-r<•spoud(•11c.- bctw<'cn scale ranges iu real and Fourier Hpacci; is not a:,; sharp. aud one eau 

exped "leakap;<'" up to 11ossihly 4 pixels. Visual inspectíou of the vdocity fiel<l coufüms that 

shockH ar(' sprPad over typically 4 pixels. Ncvertheless, note that viscosity is not effcctivc if 

tlu: vdocity gradieuts are not largc, ami tlms the 4-pixel estir11atc is an uppcr limit to the 

sizes affort.cd hy viscosit.y. It is worth point.iug out that. in PVP95a the ranp;P of iuflueucc 

of viscosity was estimi\ted at ~ 5 pixels. Howcver, this was lU1 ovcr-conscrvative estima.te 

not hascd on a dctailcd analysis of shock widt.hs, and the 4-pixel figure givcn herc shou1d 

he considercd as a slightly more precise estímate bascd on the abovc considerations. 

In orcler to corred for viscosity cffcct.s, douds with sizcs up to 4 pixels iu size are 

cxdudcd from thc ··corrccted'' plots showu in thc Appcndix. Note that, since douds havc 

in g¡\neral elongated shapes and siz(!S are cornputed as the squarc root of thc uumber uf 

pixels. tbe possibility exists that douds with computed sizei; larger thau 4 pixc!H will still 

lw 4 pixds or lesH across orie particular directíon. However. we belíl've this effoct may hf' 

roughly comp1•usated by the fa.et that the 4-pixel estima.te is an uppcr li111ít. and tlms wc 

ret.aín all dowls with !Üzes lar¡:;er t.lrnn this. 

Of y;reat(•r cmH·cnt are thc possiblc cffects of mass diffusiou, sinec thc :,;tandard Lapla

ri.-tn cliffusive opcrator usl'd íu the continuity cquati011 causes diffusion to he importa.lit 

over a largcr muge of scales than the hypcrviscosity. Indccd, the charactcristic díffusion 

time Tdif can be shortcr than thc turbulent crossing tinte Tnl for douds smallcr tha11 about 

16 pixels (see Appendix), and diffusion may dominatc over turbulent advcction for those 

donds. lu particular. it is possible that. t.hc small. low-dcnsity clouds rcportcd in the pre

vious s<'ction might be a nu11wrical artífact of the rliffusion. which tends to reduce density 
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peaks and spread the clouds out, or, conversely, to prevent clouds from reaching higher 
densities and smaller sizes than they do in the simulations. 

Note, however, that the effect of mass diffusion is exclusively to clamp density gradients 
originated by the turbulent velocity field, and so diffusion is incapable of forming clouds 
by itself; instead, it only modifies the properties of clouds formed by turbulence or other 
processes (gravity or the various instabilities discussed in PVP95a). Wc can thus obtain 
a crude estímate of the size and maximum density a cloud would have in the absence 
of diffusion by integrating the diffusion equation backwards in time for initial conditions 

corresponding to the clouds in the simulation, over the length of a nonlinear time Tnt• 

This correction overestimates the effects of diffusion, since it neglects the advection term 

entirely, and the nonlinear time is computed using the turbulent velocity associated to the 
size of the cloud, as given by the turbulent spectrum in fig. 10.10. However, it is actua1ly 
turbulent scales larger than a cloud's size which are most likely to form it (Elmegreen 
1993; Vázquez-Semadeni et al. 1995b). In particular, in the simulations at least, clouds 
often forro at the interfaces of expanding shells from previous star formation events, which 
may have velocities of several kilometers per second, rather than the significantly smaller 
velocities (;S 1 km s-1) indicated by the spectrum, which is a globally averaged quantity. 

Nevértheless, for robustness, we will use the worst-case correction. The details of this 
calculation are given in the Appendix. There it is shown that the central density of a 
cloud varíes by factors of 3-5 in the worst cases under the influence of diffusion. Using 
this "correction" factor and assuming the clouds move along lines of constant mass in the 

density-size plot, one can produce a "corrected11 such diagram, shown in fig. 10.16 in the 
~pperrdirlor-Run~28bis~There-i~ean-be-seen-that,~although_cloud.s_are indeed brought 

slightly closer to a correlation, at the lowest average densities cloud sizes still vary by 

factors of about 100, maintaining the conclusions from §10.3. 

As a further test, we have also produced a preliminary higher-resolution run, labeled 

Run 28.800, similar to Run 28bis, but ata resolution of 800 x 800 pixels, the largest that we 

can perform in the CRAY YMP of DGSCA, UNAM. The density fiel<l for this run is shovrn 
in fig. 10.7. In order to produce this run, the data from Run 28 at t = 6.5 x 107 yr were 
interpolated to produce initial conditions for the 800 x 800 simulation, and then evolved for 
another 0.65 x 107 yr, cnough to develop the additional small scale structure corresponding 

to the larger resolution. Incidentally, it is worth noting that, even though Run 28.800 has 
a resolution only ~60% larger than Runs 28 and 28bis, the computational effort it requires 
is roughly 5 times larger in CPU run time. Fig. 10.8 shows the resulting density-size raw 

plot for this run, including cloud sizes down to 1 pixel. In the Appendix, fig. 10.17 shows 

the corresponding plot incorporating the corrections described above, namely elimination 
of clouds with sizes :S 4 pixels, and the correction far diffusion. In mder to roaximize the 
available dynamic range, in the figures in the Appendix we have used values of the density 

threshold as low as Pth = 0.5. For Run 28.800, it is seen that the clouds with the lowest 
average densities span a range of roughly a factor of 200 in sizes after the corrections, while 

the raw data cxhibit a range of a factor ~ 500. 
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FIGURA 1 O. 7: Logarithmic grayscale image of the density field of run 28.800 at time t :c 7.15 x 107 yr. This 
run is similar to run 28bis, except that it has larger resolution (800 X 800), and that star formation is turned off at 
time t = 6.9 x 107 yr. The density extrema are Pma.,c = 129, and Pmin = 3.4 X 10- 2 • 
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In summary. thc discussions from tlüs section suggest that tlw cxistem:c of small donds 

with low densit.ies dPscribed in ~ 10.3 is a true consccuencc of the dynarnics and not an 

artifact of tlw dissi pati ve trrms nsed to stabilizc the equations. 
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10.4.2 lmplications of the results 

Density, size and equilibrium 

§10 Artículo: A Search for Larson-Type Relations ... 

With the above considerations in mind, we then have a number of direct implications. 

FirstJ as already stated above, the absence of a density-size relation implies non-constant 
column densities for the clouds. Specifically, cloud column densities vary by over two orders 
of magnitude in the simulations. Additionally, the result that clouds with sizes clown to the 

smallest scales exist at all values of the mean density implies that the observed density
size relation may indeed be a product of the limited dynamic range of typical surveys. 

Under these conditions, the derived column densities could appear to show variation over 

a modest range only, while the observed sizes might span a range larger than three orders 
of magnitude, thus creating an apparent correlation. Observational effects as a possible 
origin of the density-size relation were first suggested by Larson (1981) himself, and later 
discussed in more detail by Scalo (1990). Another reason for the appearance of a spurious 
density-size relation may be a selection effect introduced by the tendency of observational 
work to focus primari1y on global intensity maxima of the maps, therefore possibly missing 

weaker, local maxima, a bias that only recently has started to be avoided (e.g., FPP). 

The Larson-type relation defined by the largest clouds, with a scaling exponent a ~ 
-0.8 ± .16 is particularly interesting. The immediate question that arises is whether this 
relation is physical, or is inducen by nnmerical constraints. On the physical side, a first 
consideration is that, if the clouds are hierarchically nested (smaller, denser clouds are part 
of larger, less-dense ones), then mass conservation implies -a< 3 in three dimensions. In 
our two-dimensional case, this limit becomes -a < 2. This is a physical limit which in the 

--------simu1ations-is-push€d-closer-to-the-observed..relation_b.ecause_of_thtlwo-dimensionalit~·----

Another physical issue is whether the large clouds which follow a density-size scaling law 
are virialized, so that the standard scenario in whích Larson's relations hold for vírialized 

clouds would apply to the largest clouds. However, examining cloud virialization in our 

simulations turns out not to be a straightforward ta.sk(§lü.4.2). Here, we just check whether 
the standard ilv-R relation is also satísfied in the large clouds. To this end, sorne clouds in 
figs. í0.4 and íü.5 have been labeied with 11umbers so that they can be idcntificd from one 

figure to another. Interestingly, for Run 28 at t = 6.6 x 107 yr ( case a in the figures), the 
largest clouds, which are very close to the constant-column density line p ~ R- 1 , shown 

as the straight line in fig. 10.5a, are also very close to the line ilv ~ R 112 in fig. 10.4a, 
suggesting balance between gravity and turbulence for this set of douds. However, this is 
not the case for the clouds in Run 28bis at t = 7.15 x 107 yr (case b in the figures). In 

this case, although the clouds again show a slope very close Lo -1 (fig. 10.5b), it can be 

seen from fig. 10.4b that they all ha.ve comparable velocity dispersions. We conclude that 
even clouds with a p ex R- 1 density dependence are not necessaríly in equilíbrium between 
turbulence and self-gravity. Possibly, magnetic support is more important for the latter 

set of clouds, as in the results of Myers & Goodman (1988). 

An interesting question is whether the various clouds a.long the large column density 
"envelope" of the distribution in the density-size relation are essentially the same cloud 

seen at various different thresholds Pth, or else they are truly different clouds. In fact, the 
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answer is that they are neither. This is exemplified in fi.g. 10.9, which shows a few selected 

branches of the cloud hierarchy for Run 28bis. One branch off the largest cloud includes 

all the douds along the envelope, but both the largest and second largest clouds are seen 

to also have other branches to daughter clouds off the envelope (dotted lines). The same is 

true of clouds lying immediately below the envelope (dashed lines), which seem to define 

a second envelope of similar slope (see fig. 10.5). 
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O 0.5 l.5 
log(R) 

2 2.5 

FIGURA 10.9: "Familiy tn,.,·• uf a few sr~kctt'd clouds from fig. 10.5h. Tht• largest cloml is St't'll tu braud1 off 

to both douds ddlning a Larson-ty¡w relation as wt'll as to rlonds away from it (dottPd lines). A similar branching 

pattt'rn b obsnvPd fnr rlouds of lower colmnn ,i<-nsities (dash('<l litws). 

Ou tlw nurnerical sirfr. the mass diffusiou tenu in tlw coutinuity equation rnay t!•rnl 

to reduce' the column deusity of clouds detined througli the threshold deusity-criterion we 

use hcre, sinn' tlw diffnsiou widcns aud smooths clonds. whusc outer p<irts may tlwn he 

k.ft uut of thc domain defiued by Ptli· This effect. plus the plain lirnitations imposcd by 

tlw n~solution. clearly preveut thc formation of very small clouds with very large column 

den.sities, causing shallower slopes of thc high-colurnn density envelopc. ln fact. while tlw 

average slope we obtain implies smaller column densitics for smaller cloud8, it. has been 

pointcd out by Scalo (1985, sect. 111.A) that it is obvious frorn inspection of Lyuds· dark 

cloucl cataJog t.hat snrnller clonds are darker. lndccd. in nur case. the corrcction discnssPd 

i11 10.4.2 aud in tlu~ Appcudix teuds to hriug this envelopc towards st.ccper slo¡ws. Iu 

smmuary. the sp<•citic slopes dcfiued by thc largest dornls in tlw log p -log R plot cannot 

lw uuambiguonsly attrilrnted to real physical effects. High-rcsolutiou. tluu~-dirncnsioual 

simulatiow; are nccdcd to rcsolve this issne. Unfortmrntcly, tlw largc:ot simulatious of super

sonic- cornprcssihle turbuleucc kuown to us (e.g .. Portcr et al. 1994. using 0123 grid point.s). 

nn., pnrely hydrodyuanüc and do not cont.ain mauy esscntial ingrcdicnts of ISM dynamics, 

such as the magnctic field, sdf-gravity, arnl stellar (i.e .. small-scale, compressible) forcing. 

Tlius. the ueccssary calculatious are still a few years in thc foture. 
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FIGURA 10.10: Turbulent energy spectra for Run 28 at t = 6.6 x 107 yr. Salid line: incompressible component 
of the spectrurn. Dashed line: compressible component. The straight line shows a k- 2 power law, characteristic of 
shocks, which implies an R- 1/ 2 dependence of the velocity dispersion. 

In any case, regardless of what the specific slope of the envelope turns out to be upon 
removal of numerical effects, our results suggest that the notion of a density-size scaling 
relation should probably be replaced by that of an "allowed', region in ¡r R space. Whether 

the high-column density boundary is truly a power law, the value of its corresponding index, 
and the physical mechanisms responsible for it, are issues that remain to be determined by 

high resolution 30 simulations. 

Velocity dispersion-size relation and turbulence 

Since the density-size relation is not verified far the clouds in the simulations, yct thc 
dispersion-size relation is, the standard argument explaining the b..v~R relation, namely 
virial equilibrium in clouds satisfying p e< R-1 , cannot be invoked. This implication is 

independeut of the dimensionality of the simulations, as it only relies on the non-existence 
of a density-size relation, and not on particular values of the scaling exponents. That is, the 
two-dimensionality would, at most, change the exponent in the virial equilibrium relation 
between b..v and p, but not destroy the correlation altogether. Since in the simulations no 
density-size relation exists, a unique virial equilibrium relation between b..v and p does not 

exist either (although see § 10.4.2). Note, however, that a Jeans-type analysis incorporating 

a "turbulent pressure" (Chandrasekhar 1951; Scalo & Struck-Marcell 1984;Bonazola 1987; 

Elmegreen 1991; Vázquez-Semadeni & Gazol 1995) such that VPturb = (.6..v) 2 \7p gives 

(10.9) 

for clouds of size R equal to their Jeans length. Since the latter ís independent of dimensio
nality, relation (10.9) holds also independently of dimensionality. Thus, the same scaling 

laws as in 3D are expected for two-dimensional clouds in balance between self-gravity 
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and turbulence. This is consistent with a crude estimate of viríal balance in which one 

equates the gravitational energy W to the turbulent kinetic energy K. For simple cloud 

geometries and uniform densities and turbulent velocity dispersions, in 30 one obtains 

GM2 / R ~ M(~v) 2 . Taking M ex pR3 gives the usual result (~v) 2 ex pR2 • In 20, on the 

other hand, M ex pR2 , but the gravitational energy becomes W ~ G M 2 , thus preserving 

the result (~v)2 ex pR2 • However, such asimplified treatment may not be applicable, since 

in 20 logarithmic corrections appear, and also the gravitational term in the virial theorem 

may differ from the gravitational energy. A detailed analysis of this problem is in progress. 

Thus, the instability analysis is provisionally a more reliable indicator of the equilibrium 

relation expected in 20. 
In the absence of a density-size relation, a plausible origin of the velocity dispersion-size 

relation is the statistical properties of the turbulence itself. Indeed, an index ¡3 = I/2 is 

expected for turbulence characterized by an energy spectrum E(k) ex: km with spectral 

index m = -2 (e.g.,Bonazola 1987; Vázquez-Semadeni & Gazol 1995; Padoan 1995; Fleck 

1996), where k is the wavenumber associated with scale R = 21r /k. Such a spectral index 

is the signature of a field of random shocks ( see Passot et al. 1988 and references therein). 

Figure 10.10 shows the spectra far the incompressible (solid line) and irrotational (dashed 

line) parts of the velocity fields of fig. 10.1. For comparison, the straight dotted line shows 

a k-2 power law. It is clearly seen that the spectrum of the incompressible component 

is remarkably well described by this slope. The irrotational, or compressible, component 

exhibits somewhat stronger fluctuations (most likely due to the fact that the "stars" in the 
simulatiom; injcct purnly comprcssihle cncrgy), lmt is still vcry close on thc average. Tlw 

20% disr.nipancy with thc index d ~ 0.4 fo11nrl in the simulatiuns may he rhw to the far.t 

that in tlw sinmlations tlwn' C'Xists an uppcr bournl to the turb11lc11t. velocity dispcrsiou (of 

onler a fow km s-1) tlmt can bc imparted to the rnedium by the stellar hcating. siucP in 

tlw rnodd they only hcat the gas to ~ 104 K. This introduces a ''truncatiou·' on the L!:,.u-H 

rdation, which tiatterrn the rcsultiug slo¡w. as can he sccn in fig:-.. 10.4a ami lOAb. 

An alternative interpretation 

At this point. orn: import.ant altcrnativc must be pointcd out. Thc larg(: scat.ter iu thc 

velocity dispersion-siz('. rdatiou would be consistent with thc donds nol having coustaut 

column densities. evcu if thcy were in cquilibrium bctweeH turlrnh~ncc~ aud self-gravity. In

deP<L in eqnilihrinrn, t.he scattcr of about une order of magnitude: í11 thc vclocity dispersion 

woulcl irnply a scattcr of ronghly two orders of mag;nitnde in the colnnm density. as cau be 

8f't'Il from the equili hrinrn relatiou 

T 1 / ') 6-u ~ (.\ fl) .· - . (10.10) 

whidi b cquivaknt to relatiou (HU)). Thus, onr resnlts can also be int.erprct.ed in ti.te 

sc·nsc thal all clouds teml to he virialized, although with a scattcr of at least two orden; of 

rnagnitudc in tl1e column <fonsity. Prclimiuary rcsul ts on the cncrgy lrn<fo;et of a smaller 

cloud sarnple iu Run 28 (Ballesteros-Paredes & VS 1995) Hnggest that the sum of thc 

kinctic and magnctic t~ungies is within oue arder of maguitudc of the gravitational encrgy, 
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although surface terms were not considered there. Also, the total gravitational and the 
turbulent kinetic energies per unit mass in the simulations are almost in equipartition, as 
shown in fig. 10.11 
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FIGURA 10.11: Evolution of the total turbulent kinetic (solid line) and the gravitational (dotted líne) energies 
per unit mass in code units for run 28 over the !ast half of its evolution. The two energies are very clase to 
equipartition at ali times. 

In thís alternative interpretation, a density-size correlation may still be present, but 
missed by the simulations because the scatter is larger than the column density dynamic 
range in the simulations (and in most observational studies). Thís scenario would leave the 
origin of the putative density-size relation unexplaíned, although it may still be possible 
that the b..v-R relation is originated by the turbulent energy spectrum, and that the p-R 
relation is the consequence of virial equilibrium. Although this scenario cannot be ruled 
out with cerfamty untílsignificantlyliigher-resolution simulations are performed~-it seems 

unlikely, because in the simulations1 clouds with sizes down to the smallest resolved scale are 

often found even at the lowest values of Pth, thus not giving any indication of the presence 
of a density-size relation. Instead, clouds of similar average densities often span the whole 
range of scales accessible to them. Also, the global balance between the turbulent and 
gravitational energies is mostly just a consequence of the presence of a self-regulated cyde 
of gravitational contraction1 star formation, energy injection to the medium and dispersa!, 

and again gravitational contraction, as discussed in Vázquez-Semadeni et al. (1995a), so 

that near global balance between turbulence and self-gravity is maintained at all times. 

Finally, note that here we have not díscussed other mechanisms that have been sug
gested in the literature as responsible for the 21..v-R relation, such as inverse cascades of 
angular momentum, (Henriksen & Turner 1984), critica! thermal pressure equilibria (Chié

ze 1987) or the contribution from the magnetic support (Shu 1987; Myers & Goodman 

1988a; Mouschovias & Psaltis 1995; Gammie & Ostriker 1986). We will address the role 
of these processes in the simulations in future work. 

10.4.3 Comparison with observations 

The lack of correlation between cloud density and size in the simulations appears to be 
in contradiction with the correlations found in most observational results (Larson 1981; 
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Torrelles et al. 1983; Dame et al. 1986; Falgarone & Pérault 1987; Myers 1990; Wood 

et al. 1994). However, as discussed in § 10.4.2, we interpret the discrepancy as an effect 

of the limited column density dynamic range of the observations or of selection effects 

introduced by focusing exclusively on global intensity maxima in the maps. There are 

some examples of observations that have intended to avoid these problems (Carr 1987; 

Loren 1989; FPP). The first two authors have focused on clumps within a single molecular 

cloud with extensive star fonnation, thus better sampling the non-gravitationally-bound 

turbulent transients. The work of FPP was specifically tailored towards studying low

brightness regions in molecular clouds. In both Loren (1989) and FPP, column densities 

spanning over one and a half orders of magnitude are found. 

On the other hand, WMD have recently concluded from an analysis of 60 µm and 

100 µm IRAS maps, that column densities of dark clouds cluster typically at N (H2) ::::: 
4 x1021 cm-2 (corresponding to a typical 100 µm opacity of Tioo ::::: 200 µNepers), while 

claiming that the dynarnic range of the data would have allowed detection of any signi

ficant variations. The discrepancy between these results and those of the present paper 

seemingly cannot be explained in terms of the limited column density dynamic range of 

their observations. 

In actuality, we believe that the results of WMD may be spurious and attributed to a 

combination of their selection cri teria and the following effect. At 60 ¡Lm and 100 µm, one 

is observing "warm" dust that could be coming from the "edges" of molecular clouds. If 
this "warm'' dust is being heated by the visible photons from the galactic stellar radiation 

fielrL it. is í'XJH'<'tPd t.hat t.lu· depth uf tlw ""warrn"' rc¡!,ion will 1H' of onkr of a fow :'-J(~¡wrs 

in tlu• visible~. Tbis will lcad to apparent. constaut optical dcpths wlw11 dctenuincd from 

ohsnvat.íons of tlw ··warm" dust. 

Dctailed radiativP trausfor rnodcls have bc1;n prcsPntcd by Bernani et al. 1092. whoru 

have alrcady warned against using 100 pm Hnrfacc bright.ness as a tracer of dust colurnn 

dPnsity. In what follows. Wl' present a Himplcr moclel tl1aL alluws us to give first-ordcr 

estimates of tlu• scaling of the intenf.ities in tlw IRAS 60 and 100 ¡m1 ban<ls and the 

appmnd dust opacity as a functiou of tlw t.rne dust opacity through thc cloud. 

Similarly to Jarrd et a.L 1989 aud WMD. ,ve assume that the ratio of visihl0 to 

100 ,lllll absorpt.ion dfiPorter et al. 19!J4uc_y is ( Q\ · Q 100) =0 2 .O x 104 . I t is irnportant to 

PmphasizP that tlH· 100 ¡m1 opacity considered in this ratio is heing proclncc<l by small dust 

particlcs that benmie lieat.ed to rdativcly lnrge tcmpcratures and that are responsiblc for 

thc ohserv!~d 100- arnl GO ¡11n cmission. The absorption effici<~ncy ratio that. inclndeR all tlw 

d 11st at 100 ¡i m is ali out a factor of 10 smaller ( Chini et al. 198G). Fnrthermorc. in the rangf' 

of wavdcngths bctw(•e11 GO and 100 ¡mi, the absorption cflicieI1cy scah~f. approximately as 

u- 1. Using this fuuctional dcpPrnlern:c. wr can write a crudc approxirnaticm for thc clust 

tell IJH'nÜ UH' as 
T (Ts T;; -T\•)1;.; 

Dl. 1ST = cr + R.\D e . . 

wh1~rc Tr:r aud TR.-\D arP ))S!'ndotcmpcraturcs that paramctPrize thc lwatings duc to cos

rnic rnys and radiation. rcspectivdy. (Althongh tliis approxirnation is not valid at all 

wavPkugthH, wc havc~ the,kcd that using slightly difforent functional dcpcndeuccs <loes not 

Hignifirautly alter our rPsults.) lVc assumc that cosmic ray heatiug is com,taut for any 
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point in the cloud. Specifically, Ter = 10 K is the temperature that the dust has if heated 
only by cosmic rays, and TRAD is the temperature that the dust would have if heated only 
by the stellar radiation field (at the edge of the claud; where no absorption is present). 
Also, rv is the apacity in the visible, that increases as we get deeper inta the cloud. In 

this simple model TousT := TRAD at the edge of the cloud and it tends to Ter for the inner 
regions of the cloud (fig. 10.12). The intensities at 60 µm and 100 µm, I60 and 1100 , can be 

calculated for clouds with different values of TV, as shown in fig. 10.13. This calculation is 

made assuming that Q100/Q60 = 60µ/100µ. From this figure it is evident that for clouds 
exceeding a few Nepers in rv, l60 and 1100 do nat continue growing with ry. An apparent 
dust temperature, T 60¡1oo can be derived fram 160 and 1100 and the far-infrared opacities 
are then obtained. In fig. 10.14, we plat the 100 µm apacity derived in this manner as 

a function of the cloud's rv for different values of Trad · The apparent 100 µm apacity 
"saturates" at values in the arder af 70 to 100 µNepers. Considering that along a line of 

sight one expects to intersect the front and the back edges of a cloud, the typical 100 µm 

opacities of r 100 :::: 200µNepers appear to be explained as a result of this effect. The few 
clouds with much larger values of T100 (up to Trno ~ 104 ) reported by WMD are regions 
of strong star formation activity, which may heat the clouds frarn the inside, raising Trno• 
The presence of this effect is also cansistent with the limb brightening observed in sorne 
clauds in the far-infrared by Snell et al. 1989 and WMD, and predicted by the models of 
Bernard et al. 1992. Note that this effect continues to be applicable even if the clauds are 
clumpy, since it should hold at the edges of any densíty peaks, large or srnall, as long as 

they have a large enough column density. However, note also that this "saturation" effect 

in the determination of the apparent Two will occur only if reasonably high temperatures 

(TouST ;:::; 20 K) are present at the cloud's surface. In any case, for lawer dust tempe-
---

ratures the ernission at 60 and 100 µm is very weak and undetectable in practice. One 
consequence af this effect is that in arder to fully sample the dust from dark clauds one 
requires observations at langer wavelengths that will trace the predorninant cooler dust 

component. We intend to verify this effect by comparing column densities obtained with 

different indicators in future work. 
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FIGURA 10.12: Dust temperature, TousT, as a function of dust opacity in the visible for TRAD = 25 K. Near 

the edge of the doud (left side) TousT tends to TaAD, while toward the inner regions of the cloud (right side) 

heating by radiation becomes negligible and TousT tends to the value provided by cosmic ray heating (10 K in our 

model). 
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FIGURA 10.13: hitensity ofdonrl emissio11 ar. 100 prn a11d GO pHl as a fonction ofdnst opacity in the vi~ihk 

fr1r TuAIJ- 2~ ¡..:_ :-.-ot,• tlmt the growth of tlw inu•nsity --~at.urat._.s .. above a few Kepers of dust oparity in t.h(' visiblr•_ 

Th,· reason fur this df<:·cr. is tliat beyond a few ~,•pers of dust. opadt~· h, the visible thPrP i~ no signilkallt. raüiation 

lwar in¡;; and tlw d11st. hcco11ws too cold to emit signilicantly at. 100 µul aml 60 ¡.mi. 
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FIGURA 10.14: Apparent warm dust opacity at 100 µm (derived frorn the intensities at 100 µm and 60 µ.m), 
as a function of dust opacity in the visible for different values of TRAD· Note the "constancy" in the apparent dust 
opacity at 100 µm once the cloud exceeds a few Nepers in dust opacity ín the vísible, practícally independently of 
TRAD· 

The effect discussed above may clearly impose an upper bound to the column densities 
derived by WMD. Furthermore, concerning their selection criteria, it should be noticed 
that WMD define core, cloud and cloud complex in terms of ranges of extinction. This 
directly selects against identification of low-column density structures. In fact, in their 
maps, small, low-extinction clouds are readily seen, but not classified as such precisely 
because of their low extinctions. Thus, the column densities of the cores studie3oyWNID __ _ 
are bound from above due to the "saturation" effect of the cloud edges, and from below by 
their very definition of a core, rendering their derived column density constancy open to 
question. 

í0.5 Summary and Condusions 

In this paper we have searched for Larson-type (1981) correlations and cloud mass spectrum 
slopes in the clouds generated in numerical i,imulatiuns of the ISM, une frum PVP95a, a 
similar one with a larger density dynamic range, and another with higher resolution. We 
define a cloud a.<s a connected set of pixels in the density field with values larger than an 
arbitrary threshold Pth· From the results at various different times in the two simulations, 
we find that the mass spectrum has the form dN/dM <X M-1.44±-1, and the velocity 
dispersion is related to the cloud size by ó.v oc R0.41±.os, where the errors are the standard 
deviations in the set of values including all the various times. The dispersion-size relation 
exhibits a scatter of about an order of magnitude, comparable to the scatter observed in 
real clouds. 

The simulated clouds do not exhibit a density-size relation, but instead, at all mean 
densities, clouds of sizes clown to the smallest resolved scales are commonly found. This 
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result implies that the clouds do not have constant column densities, but instead exhibit a 

range of roughly two orders of magnitude, thus providing strong support to the possibility 

that the observationally-derived density-size relation is an artifact of the limited dynamic 

range employed by observational surveys, and of the criteria used for selecting the clouds, 

as first noticed by Larson (1981), and then strongly argued for by Scalo (1990). Our 

results suggest that low-column density clouds do exist in the ISM, but are systematically 

missed by most observations. In the simulations, low-column density clouds are turbulent 

transients, as in the suggestion by Magnani et al. (1993). Observational work that has used 

complete cloud samples {e.g., Loren 1989), or specifically looked at structures in the low 

brightness regions of molecular clouds (FPP), has indeed found a reported column density 

variability of over one and a half orders of magnitude, and masses well below the virial 

mass, by factors up to two orders of magnitude. However, note that in our simulations most 

of the mass resides in the largest clouds at each mean density, since there are comparable 

numbers of small and large clouds. 

The set of largest clouds at every threshold Pth exhibits a density-size relation p ~ Rº, 
with a = -0.8 ± .15. These clouds appear to be close to balance between turbulence and 

self-gravity on occasions, but not in general. On the other hand, pure mass conservation, 

which gives an upper limit -a < 2 for the two-dimensional case, together with numerical 

limitations of the simulations, cannot be ruled out as the sole causes responsible for this 

result. In any case, regardless of what the spedfic slope of the envelope turns out to 

be upon removal of numerical effects, our results suggest that the notion of a density

si:,,.c scaling rdation should prohahly he rcplaced by that of au ''allowccf' rcgiou in ¡>- R 

spacc. \Vlwtlwr thc high-columu dr~nsity houndmy is truly a power law. tlw value of its 

corrPsponding indl'X, ami the physica.1 mechanism rcsponsihlP for it., are issnPs that rema.in 

to lw dctermined by high rcsolntio11 3D simnlations. 

Tlw result that tlw óii-R relation is verified in thc sinmlatious but tlw p-R rdation 

is not. :mpport.s the intcrprctatiou that the fomwr relation is a direct conscqncm:e of thf' 

Htatistical properties of t.hc turlmlence, since a turlmlcnt cncrgy spectnun of the form 

E(A:) ~ 1.;- 2 • as obscrved iu thc simulations. implics au R 1i 2 scaling for the velodty disper

sion. However, wc rliscusscJ the possibility that a rleusity-sizc relatiou docs cxist, although 

with a scattcr larger than the column deusity <lynamic rnnge spanncd hy the clouds in 

thc simulations. Sueh a scattcr would be consistent with balance betwcen turlmlence ami 

self-gravity. with a scatter of onP order of magnitudc in the velocity dispersion, according 

to relation (10.10). In this case. the origin of the p-R relatiou wonld rt'main unknown, 

and the turbnle11t origin of the áP-R relatio11 would lrnvc not as strong a support. This 

possihility c:annot lw rnled out \vithont very high rC'solntion simulationH in order to add 

at least auoth<•r ordcr of maguitmlc to thc colnum dcnsity dyuamic rangc. Hmvever. tJ¡¡• 

simulations clo uot givt) any indication tlut this may be the case, siuce clond sizes down tu 

thc swallest resolved scales are fouud eve11 at tlw lowest values of /Jth· Besides, thc colunm 

demüty dy11amic range in the simulatious is already larger than that of most obscrvational 

surveys. 

\Ve also disc·ns:·wd the reccnt rcsults of \Nl'vID, who have argucd in favor of a surpriHingly 

constant. colunm density (to within a factor of a fow) in a largc sample of cores studicd 
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through IRAS 60 and 100 µm maps, while claiming a very large dynamic range in their 
observational method. We argued that this result may be spurious~ by presenting a model in 

which the warm "skin" of clouds and cores, which is likely to always have visual extinctions 
of arder unity, puts an upper bound to the column densities measured by WMD. From 

below) WMD's own selection criteria eliminate low-column density clouds, thus mimicking 
a nearly uniform column density. 

Finally, we remark that in this paper we have límited the discussion to the trends of 
the density and velocity dispersion with size, omitting any discussion of the role of the 
magnetic field, which is clearly important for the dynamics of the simulations (PVP95a). 
A detailed account of the energy budget in the simulations including the magnetic energy 
density, as well as surface terms is under way. 
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10.6 Appendix 

In this appendix2 we make an arder of magnitude estímate of the effect of the numerical 

difussion term in the continuity equation. Consider the continuity equation, eq. (10.4): 
·--- ,,_, .. ---- -- - ---------

(10.11) 

In arder to estimate the effects of difussion, we consider the extreme case when the ad
vection term can be neglected, so that the mass equation becomes the standard difussion 

equation: 

(10.12) 

For simplicity, we consider a one-dimensional (axisymmetric) problem, whose solution is 

(see, e.g.) Habbermann 1987): 

1 ¡+00 

p(x, t) = 27r _
00 

f (x') ( (x - x') 2 ) exp -
4µt 

(10.13) 

where f (x') is the initial density distribution, which we assume to be a Gaussian, f(x1) = 
p0 exp(-x'2 /2u2 ). In what follows, we will identify the width u of the Gaussian with the 

size of the cloud of interest. Equation (10.13) then becomes: 

( 1 ) 1/ 2 ( x2 /2u2 ) 
p(x, t) = Po t/to + 1 exp - t/to + 1 ' (10.14) 

2En el artículo original (ApJ 474, 292) existen un par de errores tipográficos en las ecuaciones (10.16) 
y (10.17), las cuales han sido corregidos en la presente versión. Adicionalmente, en el capítulo siguiente se 
comenta la existencia de este par de erratas. 
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where 

J.9_ = ?____ = 9 41 X 10-3 _a_ ( ) 2 ( )2 
tcode 2µ · pixels 

(10.15) 

is the characteristic diffusion time in units of the code, tcode = 1.3 x 107 yr, and the second 

equality follows from using the value µ = 0.008 (see PVP95a) {note that the síze of the 
integration box is 21r in the code units). This value of to can be made independent of 

the resolution of the simulation by choosing µ such that µk~1ax. = cst, where kmax is the 
maximum Fourier wave number in the simulation, equal to 1 /2 of the resolution. 

Now consider the turbulent crossing (or nonlinear) time for scale u: 

where u¡ is the turbulent speed associated to the scale l. Note that we are allowing for the 
possibility that clouds of size u are generated by turbulent streams of different, typically 
larger, size l (see §10.4.1). This velocity can be estimated from the turbulent energy 
spcctrum E(k) as: 

1 2 
~u¡ 
2 

{ex, E(k) dk, 
./2-rr/l 

that is. u¡ is t llf' root nwan squarc c11ergy pcr müt mass in scah~s smallcr tha11 l. Csing 

E(k:) = 0.lk- 2 , as indicatcd by fig. 10.10. 011e ohtains: 

(10.16) 

wlwre Hrps is tlw nurnlwr of pixels (i.e .. thc rcsolution) pc~r spatial dinwnsiou of thc símula

tiou. Frorn f'(Juations (10.15) and (10.16), wc can now compare the diffusion aud nonli1war 

times, in ordcr to dPt<·nuirw t.he scale at which they are cqnal. Assuming that l = rna, Wf' 

ohtaíu: 

(10.17) 

aud tlms. douds wit h ;-;iz<'s lowt•r t hau ~ 1 ü pixds an• dominatt,d by tlw 111u11erical rnass

difllssim1. Tlwrdorc. it is important to asscss the effect nf mass diffusion in the n·sults 

of ~10.3. To do thís. WP tak(i tlw extn'lllt' pusitiou that for tiuw dnrations ::it <:.: T:\"L- a 

Ganssiau cluud is affcctc·d Pxdnsivcly by diffusion. arnl compute the fractiomd variation 

of it.s c<"utral dcusity ovcr T:,;-1 . In fig. 10.15 wc show tlw cvolut.ion of p(O. t)/po givcn hy 

cquation (10.14) owr T;,.;1 for a doud of sizc rr = -1 pixels. Note that t.his is a worst-casc 

estimatl:'. since on thc <me haud, in t.hc plots bclow we have cliscarded clouds with sizcs <:.: 4 

pixds in onkr to avoid viscosity effccts (scc ~10.4.1). which is most affected by diffusim1. 

whilc•. 011 thc~ otlwr ha11d, wc havc takcll rn = l. 
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FIGURA 10.15: Fractional change of the central density p(O,t)/po of a cloud of size 4 pixels. The fractional 
change shown here is an upper bound to the corrections applied to the simulated data, since we have considered a 
cloud with size smaller than the minimum cloud size retained, and m == 1 in eq. (10.17). 

As we can see from fig. 10.15, the density decreases by a factor ;S 5. Typically, thus, we 
can expect our density data to change by factors smaller than half an order of magnitude. 

Using the above results, we can produce a "corrected II density-size plot with the esti-
mated "true" densities Pe.ore calculated as: ·--·-- --------

Pcorr ~ PdataO + TNL/to)112- (10.18) 

where Pdata are the raw cloud mean densities as produced by the simulations, a.nd the 
"true" sizes are obtained assuming mass conservation: 

R ~ Rdata 
corr (1 + TNL/to)l/4 

(10.19) 

The "corrected11 density-size plots are shown in figs. 10.16 and 10.17 for Run 28bis and the 
high-resolution Run 28.800, respectively. We see that, although slightly pushed closer to 
a correlation in the case of Run 28 bis, the general trend of these plots still supports the 
main conclusion from §10.3, namely that clouds of sizes down to the resolution are seen at 
all mean densities. 
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FIGURA 10.16: "Corrected" density-size plot for Run 28bis using the estimates for the 'true" density and size 
of the clouds given by equations (10.18) and (10.19). Note that a range of roughly two orders of magnitude in size 
rernains for the lowest mean density clouds. 
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FIGUHA l(J.17: Sa11w as fi¡;nn' 10.lG. but for Run 28.800. Here. th~ sizes of tl1<' ]O\wst-dt·n5it~· clouds ,-.u-,· b~· 

w·,ul~- 2.:; ord!'rS nf rnRg11Jtnri<'. :\ot<' that. ,1]thongh unly domls with siz,•s larµ;,·r !han .t pixds "-l"l' rdaiw·d. tlw 

s1,1,\\l.-st rlo1tds Íll this figur<' han• .,iz,·, s111alln tl1a.11 tliat hl'CilUS(' of ttw sin.· ··corn~l'tiuu'", N¡. (10.19). 
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Capítt1lo 11 

Dimensión Fractal y Autosimilaridad 
de las Nubes Interestelares 

Recientemente, han aparecido en la literatura sugerencias de que las nubes interestelares 

tienen una estructura fractal (e.g., Fagarone et al. 1990, 1991; Elmegreen & Falgarone 

1996; MacLow & Ossenkopf 1999), e incluso multifractal (Chappel & Scalo 1999). El 

nombre "fractal" fue introducido por Mandelbrot (1975) para definir conjuntos matemáticos 

o geométricos cuya dimensión no es entera, sino fraccionaria 1 . 

La dimensión de un objeto cuantifica cómo camhia el ftn~a o vol111w•11 de• tm olij{·to. 

según r;-unhia su (!Xtcusi{m lim·al (tamaüo). Por ejemplo, ,~11 ('] caso {in que una curva 

puede aproxirnanw por ,V segmentos de línea recta de tarnaüo r, la longitud de dicha curva 

ci,; L (r) :=: Nr. En d caso c]p Im; fractales. coufonuc N tiende a i11finito, la longitud L 

diwrge. Sin embargo, (•xh;tc uu exponente crítico DH > 1 tal que el producto ¡'\lr•Du 

es fin it.o, de rmtncra qne para Pxponcutes mayores que D H. el prod11rt.o tiende a cero, y 

para. expoucntcs menores que DH el producto rlivergc. Este expoueute crítico se llama 

dimc•ni;ión de Hausdorff. Nútese además que para una curva suavP, DH = l. Otro ejemplo 

es c1 caso dt' una figura georn(:tríca rngular, como es el caso de m1 círculo, donde el área va 

comu su radio al cuadrado. mientras que si la figura es fractal. el área aumenta corno una 

potencia fraccionaria del radio. Este cxpoucnte constituye la diurensión fractal del objeto. 

MiPntras que. para los fractales matemáticos, ht autosimilaridad (es decir, la capacidad 

de presentar la misma estructura a diferentes f!$Olnciones) se da sobre un número infinito 

de escalas. para los objetos físícos con caracteristicas fractales 1a autosimilaridad !-le da tau 

sólo PU un intervalo limitado d<, escalas. En particular. d intervalo de escalas para las 

uulws iut<'rcstclarcs (':-i de uuoH 4 órrk•1H·S rk rnap;11itnd. de:-;d¡• ~ 0.01 hasta 100 pe (ver. 

1·.g .. Combes 1999). 

Parn oh_jdo::- bidimPusionales. uua manera conwnü•nte de caku1ar h1 dirnPusión fractal 

1;s caknlnr 1os valores dPl pcrínwtro y del án·a nsandn sucesivamente difcni11tes resolucioucs 

para el mismo objeto. y coustruír la relación cutre el perímetro Ji y el án;a A. Así. la 

1 Art11almente, se rpronoce LJlW existen fractales con dírnrnsion Pntcra. Estríctarueute hablando. un 

ob_¡etu ei-. frn(·tal si su üim<'nsíim e;; diferente t1f' 0.5. Sin rmbargo, no <'S el interés del presente trabajo 

('utrar PI! L'Ste tipo u(' discusión. 
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dimensión fractal d queda definida mediante la relación 

(11.1) 

Haciendo uso de esta definición, Falgarone et al. {1991) estudian un conjunto de obser
vaciones de nubes moleculares2, encontrando que la dimensión fractal3 d es ~ 1.36, valor 
similar al reportado por Bazell & Desert (1988) usando isocontornos de emisión en 100¡.t, 
o por Vogelaar & Wakker (1994) utilizando emisión de H L 

A fin de cuantificar la dimensión fractal de las nubes en las simulaciones numéricas, en 
la Fig. 11.1 graficamos el perímetro vs. el área de el mismo conjunto de nubes utilizado 
para cuantificar los valores de los términos del teorema virial en las secciones anteriores. 
El perímetro es calculado contando todos aquellos pixeles que hacen contacto con el medio 
exterior, mientras que el área es calculada contando todos los pixeles que constituyen la 
nube. De esta gráfica notamos que para las nubes más grandes se cumple la relacíón 

(11.2) 

de manera que la dimensión fractal de las nubes en las simulaciones es d ~ 1.4 (ec. [11.1]). 
Por otra parte, dado que las simulaciones tienen resolución finita, para las nubes más 

pequeñas (unos cuantos pixeles) el número de pixeles que constituyen la nube se acerca 
al número de pixeles que son frontera de ésta {especialmente en nubes filamentarias), de 
manera que éstas nubes caen sobre la recta y = x. Por último, es importante mencionar 
que existe un conjunto de nubes medianas, las cuales tienen una dimensión fractal del 
orden de la unidad (conjunto de puntos con pendiente~ 0.5 en la Fig. 11.1, con áreas 
entre 10 y 100 pixeles, aproximadamente). Para este conjunto de puntos, el área aumenta 
de manera cuadrática con el tamaño, posiblemente debido al efecto de la difusión de masa, 
que suaviza las estructuras <le tamaños hasta~ 15 pixeles (Ballesteros-Paredes et al. 1997. 

§10). 

2Nótese que si bien las nubes son objetos trídímensionales, las imágenes obtenidas en diferentes frecuen
cias son, por construcción, 2D. 

3Es importante hacer recalcar que en este cálculo está implícito el hecho de que la dimensión fractal es la 
misma para todas las nubes, de manera que medir la dimensión fractal para una nube dada con diferentes 
resoluciones es equh,alente a medir la dimensión fractal para muchas nubes, usando la misma resolución. 
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FTGI íRA 11. l: í'Priuwt.ni ,·s. árPa (<'u unidad,.•, logarítmír:a'>) para uu (·.onju11t11 de nuhf's r•1i Ja, sirnuladotH'S 
nunJi.•rica,. ~út.<'M.' la ,·xbt.<'uria ,J,, tn•, rcgí11lf'JJPS dif.,r,•nt<>s: para fa.~ nuh<-'s 1wi.s l"'(Jllf'Úa~ (-:: 20 pi:,:plf•s), ,,J 
perímf'tro y ,.,¡ án•a son igua\f's, ya que l'l HUHH-'rn d;, puntos que constituyen r•l án•a de);¡ nuiw tamhiPll nm~tituy,•n 
la frontna d,· i'.>sta.~. Para las nuh<'~ d,, ~s<·alas intunwdias (l•ntr\' 20 y lOO pixdP:;), la ¡wmlin\t,, ¡mr~df' aprnximars" a 
()_;';, ~ugiri('udo <{lH-' la dirrH•nsióu frncta! PS 1, o hi,•1t, ql.H' d área dP la nulic varía ,!p llHUH'ra ntadtitica ,on la c~cala 
lüwal. Sin embargo, para !as nuhes más gran<lP;, (~'. 100 pixelf's), cu,vas escala.~ wu considnab!enH.'llfl' mayor('S a la 
r(füJludón, la din1Pn8iúu fractal f'~ aproxirnadanwntP l A, como se obti,,,¡w p1tra las nubes intlc'restdares. 

Autes de finali✓.ar el pn~sente cap[tnlo debernos mencionar que. si bien las simulaciones 
:-;011 2D. las nutws observada:,; son la proyPrción 2D de objetos tríclimcrn,ionales. Por lo tan
to. am1<1UC' (!St<• n•sultado podría sngt~rir que las sinrnlacioncs exhiben valon's razonables 
d!' la dinwusi(m fractal, no (!8 claro qn(' la fractalidítd de objetos r·stríctamcut.e bidimensio

nales deha coillcidir con la de objct.os tridiim~nsionalcs proyectados ('11 un plítuo. Además, 
es importaut(' mencionar que estt~ resultado podría ser debido al mNodo de medición nti
li ✓,ado, y uo tanto a u11a característica relacionada con los procesos físicos en las nubes 
i11tr•wstelan:s (Scalo. comm1icación privada). Será necesario más trahajo antPs de poder 

cst i ruar la rPlcvaucia de estl' n~su ltado. 

95 



Parte III 

Formación de Nubes 

97 



Capítulo 12 

Presentación 

En los capítulos anteriores hemos visto cómo el medio interestelar, de estar bien represen

tado por las simulaciones numéricas, constituye un fluido altamente dinámico y turbulento, 

donde las estructuras se encuentran lejos de un posible balance virial o de equilibrio hi

drostático. Esto sugiere que los procesos físicos involucrados afectan de manera continua 

a lac; nubes, haciendo que exista un flujo de masa, momento y energía entre las nubes y 

su medio circundante. De hecho, en estas condiciones, las nubes mismas constituyen las 

fluctuaciones de densidad inducidas por la turbulencia. 

Co11 ústo e11 uwul.t'. 1ws pro¡rnsimos cnhmdrr d comportamirmto Of> h.s f'Str11ct.11ras <lf' 

<h'rn.idad y su relación ron el campo de velocidades en todas las c~scalas. cucoHtrando 4uP 

los movimi<~ntos coherentes a cierta escala son capaces de formar estructuras en escalas 

111c11on•s, t' im:Jnso de d('satar colap8o gravitaciowtl e11 regimres gravitaciorn-tlrncnte estables 

dP anwrdo al criterio lineal. 

Dt> <1sta manera. CH los cnpítulos snlJsccrn•rites :;<: estndiarán las simulacioueH bajo P} 

enfoque de la formación de nube:;. En el capítulo 13 discutimos las posibles implicaciones 

de la turlrnln1eia cu la forruarión y deformación de las estrncturas. Dado que este modelo 

parece tener ímplicacioncs sobw las escalas de tiempo para la formación rle eHtructuras, 

en d capítulo 14 introducirnos el problema de la aparente incompatibilidad cutre la edad 

(:stimada para nubc~s molPC'ularcs. del orden de varias veces Hl7 años, y la de su poblarión 

estelar. th'l ordPn df! 106 aií.os (d problema post-T Tanri enunciado por Herbig 1978). rni(•u

tras q1w en el capítulo l!'í darnos una posible solución a este problema desde li-t perspectiva 

cJp las milws formadas por finjos t.urlrnlentos convergentes en escalas de tiempo cortas (unos 

cuúutos míllorH's dc~ aüos). 
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Capítulo 13 

Artículo 4 

Clouds as turbulent density fluctuations. Implications far 
pressure confinement and spectral line data interpretation 

Javier Ballesteros-Paredes, Enrique Vázquez-Semadeni and John Scalo 

ApJ. 515, 286. 1999 

Resumen 

Examinamos la iü1:a de qrn· las unbe:c.; difusas de HI y las rrnbcs moleculares gigantes. 

juuto con su subestructura. se forman corno fluctuaciones de <leusidad inducidas por la 

turbulencia intercstehu a gran escala. Hacemm, ésto mediante la investigación detallada 

ele la topología de los campos de velocidad, densidad y magnético dentro y cu las fronteras 

tk las nubes t~n siumlacioncs bidimPrn,ionales de alta resolución del medio interestelar. las 

cnaJe:-; incluyen autog;ravedad. campos magnéticos, calcntami,~nto y enfriamiento pararnP

tri.-;ado y un modelo simpki tle formación estelar. Encontramos que el campo de velocidad 

e:,; coutinuo a través dP hts fronteras de las nubes para 1111 rnnjimt.o jerárquico de nubes d0 

tamaüo:-; progret-;ivarnc1ite menores. E11contramos que las fronteras de las nubes, definidas 

nwdiautn 1111 criterio de densidad umbral. son arbitrarias, sin corrcspourk11cia ron alguna 

frontera n•al, tal rnmo una discontinuidad en la densidad. Los saltos ahrnptos de velocidad 

coüwideu con los máximos de dc•nsidad. indicando que las nubes son formadas por flnjos 

de gas en colisión. Esta corH:lusi{rn tamhiím está fundamentada por el h<'cho de que los 

t(~ru1inrn, cinftico:-; superficial y volmnN.rico <ld Teorema \lirial (~uleriauo para un conjunto 

rk 11uhP.s son co111parables Pu general. así como por la topología del campo magnótico. d 

nial exhilw dohlcct's r.· íuvcrsiones donde las corrientes dr~ gas chocan. Siu embargo. no S(' 

ob:-;erva ninguna tendencia a que las estructuras de densidad estén alineadas con el carnpo 

maguético. Observarnos también movimir~ntos 1,,nh- y supcr-alfvénico:-; dentro de las 1rnbPs. 
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A la luz de estos resultados, argumentamos que el equilibrio de presión térmica es irre
levante para confinar a las nubes en un medio turbulento, pues los movimientos inerciales 
pueden distorsionar o romper las nubes, a menos de que éstas estén ligadas gravitacional
mente. Tampoco confinamiento por presión turbulenta parece relevante, pues la turbu
lencia contiene movimientos a gran escala que necesariamente distorsionarían las fonteras 
lagrangianas de las nubes o, equivalentemente, causarían un flujo a través de las fronteras 
eulerianas. 

Discutimos la compatibilidad del presente escenario con datos observacionales. Encon
tramos que los histogramas de velocidad pesados por masa son consistentes con perfiles de 
línea observacionales cuya resolución espada! y espectral es comparable, presentando an
chos de línea y subestructura espectral similar. Un análisis de las regiones que contribuyen 
a cada intervalo de velocidad indica que las características espectrales de estos histogramas 
no provienen de núcleos aislados. Por el contrario, provienen de regiones extendidas a lo 
largo de la nube, los cuales frecuentemente tienen vectores de velocidad completamente 
diferentes. 

Finalmente, argumentamos que el escenario presentado aquí tambien puede ser apli
cable a escalas menores y densidades mayores (nubes moleculares y su subestructura, al 
menos hasta n ~ 103-105 cm-3), y sugerimos que las configuraciones en equilibrio cuasi
hidrostático no pueden ser producto de fluctuaciones turbulentas a menos de que el compor
tamiento termodinámico del flujo se vuelva aproximadamente adiabático. Demostramos, 
usando tasas de enfriamiento apropiadas, que ésto no ocurre excepto en regiones muy 
pequeñas (;S 10-2 pe) o hasta que se alcancen densidades protoestelares. 

Abstract 

We examine the idea that díffuse HI and giant molecular clouds and their substructure 
forro as density fluctuations induced by large scale interstellai· turbulencc. We do this by 

closely investigating the topology of the velocity, density and magnetic fields within and 
at the boundaries of the donds emerging in high-resolution two-dimensional simulations of 
the ISM including self-gravity, magnetic fields, parameterized heating and cooling and a 
simple model far star formation. We find that the velocity field is continuous across cloud 
boundaríes for a hierarchy of clouds of progressively smaller sizes. Cloud boundaries defined 
by a density-threshold criterion are found to be quite arbitrary, with no correspondence to 
any actual physícal boundary, such as a density discontinuity. Abrupt velocity jumps are 
coincident with the density maxima1 indicating that the clouds are formed by colliding gas 
streams. This conclusion is also supported by the fact that the volume and surface kinetic 
terms in the Eulerian Virial Theorem for a cloud ensemble are comparable in general, and 
by the topology of the magnetic field, which exhibits bends and reversa.Is where the gas 
streams collide. However, no unique trend of alignment between density and magnetic 
features is observ€d. Both sub- and super-Alfvéníc rootions are observed within the clouds. 

In the light of these results, we argue that thermal pressure equílibrium is irrelevant for 
c1oud confinement in a turbulent medium, since inertial motions can still distort or disrupt a 
cloud, unless it is strongly gravitationally bound. Turbulent pressure confinemcnt appears 
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self-defeating, because turbulence contains large-scale motions which necessarily distort 

Lagrangian cloud boundaries, or equivalently cause flux through Eulerian boundaries. 

We then discuss the compatibilíty of the present scenario with. observatíonal data. We 

find that density-weighted velocity histograms are consistent with observational line profiles 

of comparable spatial and velocity resolution, exhibiting similar FWHMs and similar multi

component structure. An analysis of the regions contributing to each velocity interval 

indicates that the histogram "features'' do not come from isolated "clumps", but rather 

from extended regions throughout a cloud, which often have very different total velocity 
vectors. 

Fina11y, we argue that the scenario presented here may be also applicable to small 

scales with larger densities (molecular clouds and their substructure, up to at least n ~ 
103 - 105 cm - 3), and conject ure that quasi-hydrostatic configurations cannot be prod uced 

from turbulent fluctuations unless the thermodynamic behavior of the flow becomes nearly 

adiabatic. We deroonstrate, using appropriate cooling rates, that this will not occur except 

for very small regions tS 10-2 pe) or until protostellar densities are reached for collapse. 

13.1 Introduction 

Theoretical models of interstellar clouds and clumps most frequently assume static or sta

tionary configurations, the clouds being either confined by the externa! pre1,snre (Maloney 
Hl88; lkrtoldi & i\lcl{Pc 1992), or iu "vírial eqnilibrium'' hctween their fl<•lf-gravity and 

sorne forrn uf interna! ener~y. h<~ it t.hermal (c.g., Chiczc Hl87), micro-tnrbuleut (e.p;., 

Chandrasekhar 1951: I3onazola d al. 1987: Leurat et al. 1090: Vázq11<'z-Scrmulrn1i & Gazol 

I 995) or magndic: (P.g .. Slrn et al. 1987: Mouschovias 1987. l'vlycn; & Goodman 1988h), 

forming out of iustahili tics or coagnlatiou of smallcr douds ( sce Elrucgrecn 1993a for a H'

viPw). ~everthdess. thc ínterstd1ar rncdium (lSM) is wcll kuowu to he híghly víoleut (c.g., 

McCray & Snow 1979), ami reccutly it ha8 bccome i11creasingly accepted that. it is turbu

lcnt throughout (c.g .. Scalo 1!)87; scc also thc voluuw ''lnterstcllar Turbulcncc" [Franco & 
Carrnruiüana HHJ8!). In such a nwdiurn. douds may naturally form as turbnlcut dcmüty 

fiuduations as wdl. 

\Vitldn thii; dynarnic, turbulcnt framcwork, it is important to reconsidcr a numher of 

the standard assumptio1rn of thosc rnodels. This is most aclequatcly done in thc coutext 

of df'tailcd ínspcctions of t.he topolog;y of the varions :ficlds in numerical símn1atious of 

turb11lcuf'.e in thc IS?vI (PassoL Vázqucz-Semadcmi & Pouquet 1!}95). in which clouds an• 

obs1•rved to furm aud evolvc. and a Virial Theorem (VT) aualysis nf s11ch data. 

The VT is a very useful too! for describing thc balance bctween all thc physícal agcnts 

iu ruolccular cloudH. Customarily, thc VT is cousiclfired in a Lagrnngiau frailH', i.c .. a fra111t• 

rnoviug with t.hc fiow. HowcvC'r. then! an• circumsta11ces when one would prefor to use an 

Euh~riau description. For exarnple, a. La.graugia.n d.escription is dearly not well suit.f'd for 

ckscribiug the propagation of a wave, in which the fluid does not move along with the 

pcrturhation. while in thc case of an isolat.ed object a Lagrangían description fits rnost 

naturally (see also Vázqucz-Sernadeni. Passot & Pouquet 1()96. hcreaftcr VSPP!JG). In tlw 

inten'.\tdlar case, if Hignificant rnass cxchangc occurs bctwecn a clono and its surrouudiags, 
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such as an accreting cloud, an Eulerian description (fixed in space) may be preferable 
since a Lagrangian boundary would undergo severe distortions. Parker (1969) derived an 
Eulerian forro of the Virial Theorem (EVT) in tensor form, but he explicitly neglected 
the mass flux through the surface of the cloud. More recently, McKee & Zweibel (1992) 
(hereafter MZ92) have written all the terms entering the EVT: 

(13.1) 

where JE == f v pr2dV is the moment of inertia of the cloud, Eth == 3/2 J v PihdV is the 
thermal energy, with Pth being the thermal pressure; tiin == 1/2 fv pu2dV is the kinetic 
energy, 7íh == 1/2 Js (xiPth)nidS is the surface thermal term, '7iin = 1/2 fs (XiPUiUJ)n1dS 
is the surface kinetíc term, .M == l/81r fv B 2dV + fs XiTij'njdS is the magnetic term, 
with I'iJ the Maxwell stress tensor, W == fv PXi9i.dV is the gravitational term and <I> == 
J5 px2uiñ¡dS is the flux of moment of inertia through the surface of the cloud. Sums over 
repeated indices are assumed unless otherwise stated. 

Frequently, the surface terms are neglected altogether, especially in observational work 
(Larson 1981; Torrelles et al. 1983i Myers & Goodman 1988a; F\lller & Myers 1992), alt
hough it is also a common practice in theoretical studies, as a consequence of assuming 
isolated clouds (e.g., Chandrasekhar 1953; Parker 1969; Parker 1979). The most notable 
exception is the thermal pressure surface term 7th, which is frequently invoked for "pressure 
confinement" (e.g. McCrea 1957; Keto & Myers 1986; Maloney 1988; Bertoldi & McKee 

-----1-992;-Mcl,aughin_&____E_udritz 1996; Yonekura et al. 1997). By analogy, McKee & Zweibel 
(1992) have considered the possibility of turbulent pressure confinement 15y means of-the-------- -
term lkín. However, in the present paper we will argue that both kinds of pressure confi
nement require idealized conditions that are not likely to be realized in the actual ISM. If 
the interstellar medium (ISM) is globally turbulent, the velocity field is in general locally 
nonzero, and thermal pressure balance may be irrelevant, since a cloud can still undergo 
deforma.tion due to thc inertia! motions1 whích will induce a nonzero RHS via the kinetic 
terms l'kín, ?i;;ín, and dif!/dt. 

Concerning turbulent pressure confinement, its feasibility requires the underlying as
sumption that the turbulence be microscopic, so that it can be considered isotropic compa
red to the scale of the cloud. However, turbulence is inherently a multi-scale phenomenon, 
and is expected to contain excitation at scales comparable or even larger to that of the 
cloud. It is in this context that the clouds may be considered as density fluctuations 
produced by larger-scale compressive turbulent motions (e.g., Hunter 1979; Larson 1981; 
Hunter & Fleck 1982; Hunter et al. 1986; Elmegreen 1993b; Vázquez-Semadeni, Passot & 
Pouquet 1995, hereafter VSPP95). Such clouds are then turbulent fl.uctuations, and can 
either rebound, fragment or collapse depending on the compressíve energy available, the 
cooling ability of the flow, the topology of the velocity and magnetíc fields, the production 
of interna! turbulent motions anda number of instabílity mechanisms (e.g., Elmegreen & 
Elmegreen 1978; Vishniac 1983, 1994; Hunter et al. 1986; Tohline, et al. 1987; Stevens et 
al. 1992; Elmegreen 1993b; VPP96; Kornreich & Scalo 1998). On observational grounds, 
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Gómez de Castro et al. (1997) have similarly suggested tha.t high-latitude molecular douds 

may originate at the collísion sites of infalling HI high-velocity streams. 

Note that in this scenario, clouds and clumps need not be in a static or quasi-statíc 

equilibrium at any time. Moreover, the fact that clouds and clumps are observed to be 

internally turbulent suggests that the turbulence has not been completely dissipated inside. 

In fact, Kornreich & Scalo (1998) showed that shotl:s running obliquely through a density 

gradient will produce further interna! turbulence. This also underscores the importance 

of the question of the degree to which clouds have "sha.rp" boundaries, since shock~cloud 

simulations for douds with sharp boundaries only produce vorticity in a surface shear !ayer 

( e.g. Klein et al. 1995), not interna! motions. 

The plan of the paper is as follows. We start in §13.2 by discussing the role of the 

kinetic terms in the VT and the implications for pressure confinement. Then, after briefly 

describing the numerical simulations (§13.3), we proceed to a description of our results (§ 
13.4), starting with a discussion of the density, velocity and magnetic features that arise, 

and their spatial correlations (§13.4.1). Then we presentan evaluation of the surface and 
voluroe kinetic terms in the VT, suggestíng that their similarity may be the result of both 

types of terms measuring the same phenomenon (§ 13.4.2}. The super- or sub-Alfvénic 

character of the motions is discussed in §13.4.3. In § 13.5 we present severa! comparisons 

with known observational data, such as line profiles observed in cloud complexes (§13.5.1), 

the topology of the magnetic field (§ 13.5.2), and the lifetimes of the clouds rn 13.5.3). In 
~ 13.6 wc thcn dii=wuss s!'vcral ccmsequeuces and possible caveats, like whctb.cr thc sceuario 

proposcd hf'fc ca.u he applicablc to smallcr. dcuser scalcs, the uulikeliuess of forming qua.'iis

tatic clumps in a turhnlent medinrn, ami tlw cffoct of the dimcnsimrnJ.ity of onr simulatíons. 

Finally. we ~ive a sm1111utry and somc conclusions in §13.7. 

lt is interi·stí11g to note tbat the prcscnt paper may he rcgardecl as thcoretical jw.;

tification for thc imggestinu madc over 45 years ago by Chaudrasekhar & Müuch 1952 

that an ,tltcrnativ<' to tho pictnre that visualizcs t.llc intcrstellar medimn as consisting of a 

distrihutiun of discretc clomh, mig·ht uc necessary. 

13.2 Kinetic Terms in the Eulerian Virial Theorein 

As is well knowu (e.g .. Parkcr 1979; McKce & Zweibcl 1992). the EVT can be obtaiued 

from thc couservativc form of thc momc1itmu equation, 

d(pu;) iJ(¡m¡lLJ) ~ --+---= F1-: 
é-Jt Br1-

k 

(13.2) 

(wlH·n• F¡,. gpncrically reprc:-.euts the vnrions force dcnsities involvcd in tlH' problem) by 

dotting it with the position vector x and iutegrating over a volume V fixed in spacc. We 

rnmincl tlie rcad(~r that the full Virial Thcorem. eq. (13.1). holds always hecause it is a 

dircct conscqnence of the momentum eqnation, although this does not necessarily imply 

that thc systcm is in cquilibrium or, in particular, that thc lincwíclth of an interstellar 

doud is directly relatcd to its mass ami radius (Maloney 1988). A detailcd analysis of the 

VT in our siruulations ,vill he prescuted clscwhere (Ballesteros-Paredes et aL 199!J). 
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In the present paper we focus on the relative importance of the surface and volumetric 
kinetic terms, and their role in shaping the clouds. It can be easily checked that, in the EVT 
(eq. [13.11), the kinetic energy &kín, the kinetic surface term '1kin, and the time-derivative 
terms iE and d<P jdt, originate from the LHS in the momentum equation (eq. (13.2]). While 
the meaning of the kinetic energy term l'kin is obvious, the kinetic surface term Ticin has two 
possible interpretations. One is as half the flux of the instantaneous rate of change of the 
moment of inertia PXiUi through the cloud's surface. Alternatively, it can be interpreted 
as the sum of the ram pressure plus the kinetic stresses, both evaluated at the surface of 
the cloud: 

(13.3) 

where i # j in the last surface integral. The first term on the RHS of eq. (13.3) is analogous 
to the thermal pressure surface term. The second terrn, on the other hand, reflects the fact 
that the turbulent motions are not isotropic, giving off-diagonal contributions to the total 

pressure tensor IIij = Ahóij + puiUj (Landau & Líftshitz 1987). This exhibits in a clear 
way the difference between the isotropic nature of the thermal pressure and the anisotropic 
nature of the "turbulent" pressure. 

Another important difference between the thermal and 11turbulent" pressures líes in the 
fact that the latter is in general expected to involve motions of scales comparable to that 
of the cloud, as mentioned in §13.1. But since the velocity field carries mass with it, such 
large-scale motions necessarily imply a mass flux across fixed, Eulerian cloud boundaries. 

-----........:Gonversel in a Lagrangian description, such turbulent motions should lead to severe 
distortions of the Lagrangian cloud boun ary, possibty-giving-it-a-fraetal-charactoc__(e_.g,__,__ _ 
Scalo 1990; Falgarone et al. 1991). 

The exception to the scenario depicted above is the case of strongly self-gravitating 
clumps in (magn_eto-) hydrostatic equilib1·ium, from which the gas cannot escape once it has 
been captured ("decouples" from the intercloud medium). In this case, the cloud should be 
bound by an accret.ion shock and, although strictly speaking there is flux across the shock, _ 
the accreted material is not mixed far beyond the shock into the cloud's "bo<ly". Ifowevcr, 

it seems to us that the question as to whether such quasi-hydrostatic configurations can 
actually be produced in a turbulent ISM remains open, as discussed in § 13.6.1. 

13.3 Numerical Simulations 

In the following sectíons, we discuss the topology of the density, velocity and magnetic 
fields in 2D numerical simulations of the ISM based on the model of Passot, Vázquez
Semadeni & Pouquet (1995) (hereafter PVP95), which represents 1 kpc2 of the ISM on the 
Galactic plane, centered at the solar Galactocentric distance. We refer the reader to that 
paper far the equations and parameters of the model, which includes self-gravity, magnetic 
fields, parameterized cooling .and diffuse heating, the Coriolis force, large--scale shear, and 
parameterized localized stellar energy input due to ionization heating. The parameterized 
cooling is as in Chiang & Bregman (1988), who fitted piecewise power laws to the standard 
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cooling calculations oí Dalgarno & McCra.y (1972} and Raymond et al. (1976), and are 
appropriate for atomic and ionized gas. As discussed in VPP96, the cooling and diffuse 
heating timescales are much shorter than the dynamical timescales, implyíng that the flow 
is always very near thermal equilibrium (except in the vicinity of star forrnation sites). 
Setting up the thermal equilibríum condition, one can find the equilibrium pressure as a 
function of the density, which behaves as a piecewise power law P oc p'Yeff. We refer to this 

as a piecewise barotropic behavior. We should emphasize here that, although in previous 

papers (e.g. VPP96) we have referred to such barotropic behavior as "polytropic", we have 
now chosen to abandon such nomenclature in arder to avoid any possible confusion with 
polytropic hydrostatic spheres. Indeed, the simulations are highly dynamic, and the ciouds 
within tbem are not in hydrostatic equilibrium, in sharp contrast with equílibrium models 
of polytropic gas spheres (e.g., Cbandrasekhar 1939; Turner 1994; McLaughin & Pudritz 
1996; for further discussion, see Vázquez-Semadeni et al. 1998). We refer to 'Yeff as the 
"barotropic exponent". 

It has been shown by VSPP95 that, for the heating and cooling functions used there, the 
thermal equílibrium values of the temperature and pressure can be expressed as functíons 
of the density in the range 100 K < T < 105 K for non star-forming regions. Therefore, 
'Yeff can also be expressed as a piecewise constant over the corresponding density range. 
For the fiducial values adopted in the model (PVP95), 'Yeff takes the values (VPP96) 

{ 
0.2S 

1',,ff = o .. 
OAS 

1.57 < p (100 < T < 2000) 

0.39 < p S: 1.57 (2000 S: T < 8000) 

:i.15 x 10- 3 < P s: o.39 (sooo s: r < 105 ¡ 
(13.4) 

whew dcnsities are in units of cm -3 aud tcmperatures in Kdvins. 
In eq. ( 13A), ct1uilibrium tcmperature ranges cquivalent to thc spccifi~d density rnnges 

are iudicat<~d iu par~utheses. In the simulations, stcllar ionization hoating is modolcd 

hy meaus of a local heating sourcc which is tnrncd on if the density exceeds a critical 

value Pth = 30{p), whcrc the hrackcts denote au average ovcr the whole volume of t.lw 

i,;imulatiou. Note that te111pcratnres ovcr a fow x 104 K are ncvcr reacberl in tlic sitnulations. 

hccause su¡wrnovac are not indude<l, sincc these requíre non-trivial mo<lifications to tl1P 
c:ode (Gazul-Patirio & Passot. 1999). Thc maximum de11sitiei, rcachcd in the simu1atiom, 

are~ 100 cm-- 3 , with T ~ 100 K. 

Th(• :,;imulations wc use are refinements of the PVP95 model at a higher resolutiou 

(800x800 grid points). preseuted in Vázqucz-Semadeni. I3allesteros-Parcdes, & Rodríguez 

( 1997). Tlw stcllar euergy injcction maiutaias the tmhnlence in tlic medirnu. prouwting 

furthcr r:loud formation. NtNerthclcss. WP t.um off star format.ion shortly bcforc the time 

at whid1 tlw data arP analyze<l. iu or<ler to allow for the largest possíble 1Jensity gradients. 

sÍIH:e otlwrwisc thc· stcllar heating prcvents the dcusity from rcaching valucs signifü:antly 

lar~er thau f>th. by causing th(! ucighboring g¡is to r('-expand. Th(• various physical qnan

titic:; are in naits of Po= 1 nu- 3 • -no= 11.7 km s- 1 • T0 = 10-1 K and Bo = fJ¡tG (sce 

PVP95). 

\Ve havc dcvelopcd a dond-fiuding numerical algorithrn in physical space (as opposcd to 

thc positiou-velocity space of observ-r1.tiorrnl data) for the density data from thc simulations 
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(Ballesteros-Paredes & Vázquez-Semadeni 1995). A cloud is defined as a connected set of 
points (pixels) whose densities are larger than a given threshold Pth· The douds obtaíned 
through this procedure are clearly quite arbitrary, since as Pth is increased the boundary 
oí the cloud simply moves ''inwards". However 1 eventually an increase in Pth will lead to 
a more qualitative change in which a given cloud splits into two or more "children", ín a 
similar manner to the "structure trees" used by Houllahan & Scalo 1992. This procedure 
is in a sense analogous to performing observations using dífferent tracers sensitive to diffe
rent density ranges. Alternative cloud identification algorithms based on locating densíty 
maxima (e.g., Williams et al. 1994) were not investigated, but we do not expect that such 
procedures would affect the qualitative nature of our results, which, as will be seen, appear 
to follow quite generally from the physics of the problem. 

Given the above algorithm for defining the clouds, the kinetic terms entering the VT 
are then evaluated numerically for each cloud, having previously substracted its bulk mass
averaged velodty, defined as 

(13.5) 

~~~ 

in arder to measure only the contribution associated to the fluctuations-:-We-refer totni-s ----~------ ~---

as measuring the velocities in the "cloud frame". 

13.4 Results and Discussion 

13.4.1 Density and velocity field topology 

In figs. 13.la, b and e we show three hierarchical Ievels of the densíty field (gray scale), 
with the corresponding velocity fields (arrows). In fig. 13.lc we further denote super- and 
sub-Alfvénic velocities with black and white arrows, respectively (see § 13.4.3\ where the 

Alfvén speed is defined as Vi = B2 / p in the code's units. 
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FIGURA 13.1: Three híerarchical levels of clouds in the símulation, showing the logarithmíc densíty scale 
with shades of gray, and the velocity field with arrows. Pixel numbers are índicated by the grids. a) The whole 

---·----simu1ationJifld field, 800 pixels on a side, corresponding to l kpc. The gray scale shows structures with p :::: Pth = 1.5 
cm-3. b) Magnification ofthe complex tliat appeann>,herr-setting-Pth--=-4-irLtWLupper right quadrant offig. la. e) 
Magnification ofthe cloud that appears when setting Pth = 8 ín the lower left regíon offig. lb. Black arrows ínr:Hcat~-- - - -·· 
super-Alfvénic velocities in the frame moving with the cloud, and white arrows indicate sub-Alfvénic velocities. The 
contours give the rnagnetic field strength B. Thicker countours indícate larger B-values. The maximum density 
value is 55 cm- 3 • The velocities in a and b are shown in the sirnulation frarne, while in e they are in the doud 
frame. 

Figure 13.la E-hows a snapshot of the simulation at t = 7.2 x 107yr. The density field 
ranges from ~ 0.01 to ~ 100 cm-3• Figs. 13.lb and e show two subsequent hierarchical 
levels of clouds, obtained at Pth = 4 and 8, respectively. The sizes of the boxes shown in 
the three panels a.re 800, 215 and 45 pixels per side (1 pixel = 1.25 pe). We refer to the 
cloud in fig. 13.lb as the '1parent" doud, and to that in fig. 13.lc as the "child" cloud. Note 
that only fig. 13.lc shows the velocity field in the cloud frame. 

Inspectiug the plotted density and velocity fields, we observe that the fluid velocity 
at the cloud bonndaries is in general continuous, at any level of the hierarchy. Sharp 
changes in the velocity field (shocks1) are in general oblique and tend to occur mostly 
at the centermost parts of the clouds, where the highly filamentary density field exhibits 
"ridges", This indicates that the density features are produced by colliding streams, a fact 
that can be seen more accurately ín figs. 13.2a, b and c. These show cuts, along the x
(at y = 514, fig. 13.2a) and y- (at x = 602 and x = 6141 figs. b and e respectively) axes, 

l In the simulatious, shocks are sharp gradients extending over 3 to 5 pixels, dueto the action of viscosity 
(Vázquez-Semadeni, Ballesteros-Paredes & Rodríguez 1997) 
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of the density p (solíd line), and the x- and y-components of the velocity, Ux (dotted líne) 
and Uy (long dashed line) for a region contaíning the clouds of figs. 13.lb and c. The axes 
in these plots indicate pixel number. For added clarity, we show in fig. 13.3 the lines along 
which these cuts are taken. 
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FIGURA l'.3.2: Cu1s passing thrnugli tlw rloud showu in fig_ 13.11". (as indicated by tiH' lines in fig. 13.3J. 
,;l-wwing tlu• loh uf the dl-'nsity holid linc). and t.lie .r- (dott<'d \ill(~) aud .u- iciaslit•d lince) com¡wnruts uf tlw vdorit.,-. 
,,) Cut alonp, r Rt y=:: 514. b) Cut aloug ¡¡ at .. t· = 602. i·) Cut alnag ¡¡ at r = Gl-1. rn a). two rwaks ar!' imUratell. 
P(•ak 1 is Sf'('II tn corrcspond toan J'-shock (abrupt. neg3tive gradi;,nt) in a) and to a y-shock iu b !. Pféak 2 is almost 
im¡wrr('ptible iu U,:, but is seen to r·orrespond to a y-shock in e). AJ~o. uot;, the "plateau" in 11.~ extendinµ; é'iU pixf'L~ 
w tlH' right uf peak 1, with avNage negative valut>s, although with furt.lier subKtructure. :Vote thar the scale is largff 
th~n in fig. 13.lc, in orrkr t.o give a broader view of the velocity coruponents. 
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FIGURA 13.3: The same cloud as in fig. 13.lc, hut with superimposed velocity divergence contours. Density 
maxima are seen to correspond to maximum negative values of the divergence. Also indicated are the lines along 

-----whi.cb the cuts of fig. 13.2 are taken. 

The central parts (3-5 pixels) of the density peaks are seen to correspond in general to 
large negative longitudinal gradients 8uif 8xi (no sum over í) of the velocíty, Le., shocks. 
However1 the clouds (i.e;, large density values) extend beyoud tlie shocks for many more 

pixels, where the velocity component exhibits plateaus with superimposed small-scale struc
ture. These plaLeau.s are indicative of tbP. approaching streams ( extended inward moti o ns). 
As an example, consider the peaks labeled "1" and "2" in fig. 13.2a, Peak 1 corresponds to 

a shock at x = 602, and is flanked by an expansion wave (8ux/&x > O) on the left, and by 
a plateau wHh Ux < O on the right, although the plateau itself contains substructure. This 
peak also corresponds to a shock along the y-direction (fig. 13.2b). Interestingly, peak "2" 
in fig. 13.2a <loes not seem to correspond to a shock along the x-directíon, but in fig. 13.2c 
it can be seen that it is caused by a shock in the y-direction. In order to further illustrate 
this point, in fig. 13.3 we show the same cloud as in fig. 13.lc, but showing the density 

field as a gray-scale image and the divergence 8ui/ 8xi of the velocity field with countours. 
Local density maxima clearly coincide with local (negative) minima of the divergence. 

It is worth noting that in figs. 13.2a, b and e, larger-scale density features are also 
seen to correspond to large-scale negative gradients of the velocity field, although with 
much substructure. See, for example, the large cloud complex (multiple density peak) 
extending from 580 ;S x ;S 780 in fig. 13.2a. The very largest-scale inward flows are 
probably of gravitational rather than turbulent origin (e.g., Vázquez-Semadeni & Pouquet 
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1998), since, for example, the upper right quadrant of the simulation has a mean density of 

l. 7 cm - 3 , implying an effective Jeans length ( taking into account the effective polytropic 

exponent, as in eq. (15) of VPP96) of 0.42 times the Iength of the box. Thus, the region 

is Jeans unstable. Besídes, the simulatíons do not include supernovae which could induce 

turbulent rnotions at the largest scales. However, note that in the real ISM both sources 
of rnotion are likely to occur. 

600 610 620 

FIG C RA 13.4: Same cloud RS in fig. 13.lc, hut witl1 superimposed vorticity contours. Th('re is i\. siplifi.cant 
rnrrelatiou twt"w'n the density (and therefore the divergence) ami the vort.icity fields. \Ve int.erprrt thí~ a.~ a rc~ult 
of t he gcrH'r>tlly obligue uature of the stream coJlísions. Sol id ( dashed) contours indicate positin' ( rwgat.in•) vort.ícity. 
Also ;;hown are th,• rnagnetic fidcl n•ctor~ (arrows). Not.e t.he correlatíon between density and magnrtí0c lkld bendings 
and t.h,, field rt·wrsal a1ong the C'fütrnl ridge of the doUll. :'sote also the genernl a\ignment of tlw fidd with 1.lit 
density, altbuugh at many places the field crosscs thc doud"s ·'boundary" perp¡~ndicularly (c.g., at the conr:av<:\ r<'gion 

lrdow thf' left filarnl!nt./. 

Then' also appears to be a certaiu amount of spatial correlation betwcen densit.y ,md 

vorticity fcaturcs. Iu figure 1:3.4 we Hhow the vorticity field (contours) supcrposc\l onto tht~ 

<kasity ficld (p,ray-1-wale) for thc dom! of fig. 13.lc. In t.his case, t.he corrdatiou hd.wecu 

hH"al arnximi\. of the densíty fidd anrl maxima (or mínima) of thc vorticity hdd is not 

a,.; tight. thc critical poiuts of tlie vorticity bciug .shiftc<l by a few pixels with respcct. to 

tlw deusit.y peaks. N evcrtheless. there is still a dear corrcspondeuce hetweca vortici ty 

arnl density fratures. This corrclation can be understood because, as mentioned abovi~. 

tlic strcarn collisions are in gf'neral oblique. It is possiblc then that the detailed structnre 

insidP tlw clonds cm1si:-;t:,, of shocks and tangential discontinuitit:s. MoreoveL the shocks are 

fa!pHPrally curvcd arnl are encountcring dcnsity variations in the pre-shock g;a..s, so vorticity 
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production is expected behind them (Rayes 1957; Passot & Pouquet 1988; Kornreich & 
Scalo 1998). 

The continuity of the velocity field through the cloud boundaries has an interesting 
subjectíve implicatíon, The definition of a cloud by a densíty threshold is actually seen 
to be rather arbitrary, since the clouds do not have sharp physical boundaries. Thus, as 
long as the change in the density threshold <loes not imply a "splitting" of a cloud into its 
offspring, it only amounts to considering the same cloud out to different dístances from 
the maximum, but without there being any clear "edge'' to the cloud (In the Appendíx we 
rule out the possibility that this might be a numerical artifact of the mass díffusion term 
used in the continuity equation [see eq. (3) in Vázquez-Semadeni, Ballesteros-Paredes & 
Rodríguez 1997j.) In § 13.6.3 we discuss the consistency of this result with observatíonaI 
data. 

13.4.2 Virial surface terms and pressure confin_ement 

The velocity fields observed in the simulation.s indicate a strong flux of the relevant dyna
mical quantities through the cloud boundaries at all scales. To quantífy thís, in fig. 13.5 
we show a plot of the kinetic energy Ckín vs. the kinetic surface term 'liín far the parent 
complex shown in fig. 13.la and all its daughter clouds resulting from setting Pth =41 8, 11 

and 16, an.d with areas larger than 300 square pixels. The latter requirement is imposed 
in order to avoid including clouds so small that they are strongly influenced by viscous 
and diffusive numerical effects. The clouds shown in figs. 13.lb ande are represen.ted wíth 

----~-different--symboUn.Jig,----13_.5 for iden.tification. Note that both kinds of virial terms are 
computed in the cloud frame. · ---·------

lt is seen that in general the surface kinetic virial term is of the same arder of magnitude 
as the volume term, i.e., the kinetic energy con.tained in the cloud's volurne. This means 
that both terms are of similar importance in shaping and supporting the clouds. Ata more 
detailed level, this seems to be a reflection of the continuity of the velocity field. The flow 
is entering the clou<ls, and shocldng at their ínnermost regions, Thus, the two terms refer 
to essentially the same process, only measuring it at different places (one over the cloud;s 
volume, the other at the cloud's boundary but weighted by the distance to the center of 
mass), explaining their similar values. Thís ís analogous to the well known property of the 
surfacc and volumc thcrmal pressure terms, that if the pressure is constant the two terms 

cancel. 
It is ímportant to rema.rk that the similarity between these two terms does not imply 

that the cloud is "confined" by turbulent pressure, in the sense that this is not a static 
configuration. First, the two terms do not cancel each other exactly, leaving a net contri
bution available for shaping the cloud (the contríbution &kin - 'Ikin to d2 I /dt2). Second, ít 
is important to note that the points in fig. 13.5 lie sometimes above and sometimes below 
the line &kin = 7iin, indicating that for sorne clouds the contribution to d2 J /dt2 is positive, 
and negative far others. Thís implies that the kinetic terms sometimes provide n.et "sup
port" and sometimes cause net compression, although in general the clouds are expected 
to suffer distortions that cannot be classified as either one of the above. Thus, the clouds 
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are evolving with time, continuously changing their volume and shape, since they are the 

density fluctuations produced by the turbulence2 . 
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FIGCRA 13.5: Ki11t>tk ('!J1·rgy 1\,n vs. tlw kiiwtk surfan· tf'rrn Tk,n for ali f'louds with arms Jargt>r th,tn 300 
pixPb in the wholf' fü,[d. TJ¡¡• rompkx of fig. l3.ll, is slwwn by a cirde, and t.he rloml in fig. 13.k is sliown by ÜH' 

s1 ;;.r. >lot<> tlw ,-;irnilarity of tlw wco tnms for nn~I of thl' rlourls, indkating that. bot.h rontrihnte iu similar an1vunts 
to t]H• dou,fa' \"irj¡tl halanr1•. 

The t-hermal pressnre. as discuss1:d in VSPP95, shows little spat.ial variation ( except 

neas star formatiou sites where it is mnch larger) becam;c O S ,eff < 1 in geucral for thr 

t.emperature range spamwd by the simnlations. In particular, ''/eff = O implies au isobaric 

medium. ;\Jote that rf'ff < 1 is in agreement with the elementary fact that in the ISM 

dPnser regi011H are colder in that tcmperntnrn range (Myern Hl78). In othcr words, the ucar 

constancy of tlw prcssurr iu this tcmperaturc rang;e is a consequcnce of thermal balarn:e 

(givinµ; -r,•tf < 1) iu a llJ('dimu whos('. densit.y is detern1iw~d by tlw lurbul<•rit motinns. 

HowPvtir. this rwar "prcssnrP Pquilibrimn" ha~ no effrct. in coufining the clornls. which an• 

in a statc of coustalit changc. A.s statcd in VSPP9S. the pressnrc is .~lmwl to t.lw ckn.sity 

hcld, which in turn is detcnniued by thr• velocity fü~]r.L 

~SPt' t ht• accmupanying \·ideo to VSPP95 for a 
ddPo of a fully .'\IHD sirnulatio11 frmu PVP95. 

http://www.astroscu.unam.mJl'./turbulence/movies.htJill 
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13.4.3 Super- and sub-Alfvénic motions and magnetic field topology 

Another point worth discussing is the sub- or super-Alfvénic character of the velocity, since 
it has been traditionally argued that the motions in molecular clouds are supersonic but 
sub-Alfvénic (e.g., Shu et al. 1987), although more recently it has been claimed by Padoan 
& Nordlund {1999) that thjs may not be so, but rather that motions may generally be super
Alfvénic. Since in our simulations clouds form out oí the general ISM, they represent a 
good test to see which oí these condítions develop, rather than using sorne pre-determined 
assumption about the sub- or super-Alfvénic character of the problem (e.g., Mouschovias 
1987; Lizano & Shu 1989). In fig. 13.lc the black and white arrows respectively denote 
super- and sub-Alfvénic velodties in the c1oud frame. It is seen that inside the cloud there 
are both sub- and super-Alfvénic velocities. Since the velocity field <loes not show large 
magnitude fluctuations at the transition sites, this can only be understood in terms of a 
change in the Alfvén speed Va- To see this, in fig. 13. lc contours of the magnitude B of the 
magnetic field are shown as well. The contours span the range from 4 to 10 µG, in intervals 
of 1.5 µG. Thicker Unes indicate progressively larger values of B. The velocity is seen to be 
sub~Alfvénic everywhere outside the cloud. Inside the cloud, it is super-Alfvénic in the lower 
region oí the cloud. In the upper region, the velocity is sub-Alívénic dueto a combination of 
large B•values and low densities. Looking clown towards the center, another super-Alfvénic 
regíon is seen, due mainly to the increase in the density, which reaches p = 55 cm - 3 at the 
peak. However, at the peak, the velocity becomes sub-Alfvénic again, this time due to a 
sharp decrease in the velocity magnitude itself - sort of a "stagnation point" at the density 
peak. These variations are thus due again to the collisions between the magnetized gas 
streams, which push the fielo ano cause magneticshocksand-field-reversals-where.theliuirl ___ --·- _ 
shocks occur, and in general produce a rather chaotic flow. One such reversal is seen to 
occur on the filament extending out of the cloud towards the lower left corner of fig. 13.lc. 
This is seen ou the contours as a decrease in the field's intensity towards the central ridge 
of the filament. Figure 13.4, which shows the magnetic field vectors on top oí the density 
(gray scale) and the vorticity (contours), shows this phenomenon more clearly. 

Note that this trans-Alívénic character of the motions may explain why the density 
peaks are "fat" compared to the stream-collision sites: the informatíon of the presence of 
the collision is often able to travel upstream of the flow. Furthermore, since the collisions 
are generally oblique, it is likely that magnetosonic waves propagating perpendicular to the 
collision surface may overtake the perpendicular component oí the oblique fluid motion, 
even ií the total fluid velocity is super-Alívénic. In contrast, it is well known that in Burgers 
turbulence, where no pressure is available, the density structures are as thin as allowed by 
viscosity exclusively (see, e.g., Chappel & Scalo 1998). 

The advection of the magnetic field described above is contrary to the usual assumption 
that the field controls the fluid motions, forcing the gas to flow along the field lines. 
Nevertheless, it is noteworthy that the field strengths developed by the simulations in both 
the intercloud medium and in the clouds are not unrealistic. The typical low values oí the 
field occur at the intercloud medium, and are ~ lµG, whíle the largest values occur in 
the densest regions, with values ~ 25µG. Nevertheless, the field is quite intermittent, and 
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<loes not follow a unique scaling with the density (PVP95), exhibiting significant variations 

within the cloud of fig. 13.lc. Moreover, even under near-equipartition conditions between 

kinetic and magnetic energy, the velocity field should be expected to exert as much of an 

influence on the magnetic field as viceversa. In§ 13.5.2 we discuss the degree to which this 
field topology is consistent with observations. 

13.5 Comparison with observations. 

The scenario presented here differs significantly from the standard view in which clouds 

and clumps have well defined boundaries (density discontinuities) which separate them 

from a much more tenuous, warmer medium, as in simulations of cloud collisíons (e.g., 

Scalo & Pumphrey 1983; Klein et al. 1995; Miniati et al. 1997) and models of cloud 

confinement (e.g., Bertoldi & McKee 1992), quasi-static contractíon (e.g., Lizano & Shu 

1989) and stability (e.g., Ebbert 1955; Bonnor 1956; McLaughin & Pudritz 1996). On 

the other hand, Scalo 1990 has suggested that such a standard model may be an over

idealization stemming from the low resolutions and colurnn density ranges of early studies, 

and proposed instead a much more complex scenario in which clouds do not have a well

defined identity. Our results support this view, and in fact such poorly-defined identity is 

reflected in the arbitraríness of cloud- and clump-finding algorithms (e.g., Williams et al. 
1994; Vázquez-Semadeni. Ballest.nos-Pare<les & Rodríguez l!JD7). It i:ci nccefssary. howev1·r. 

to test wlwthl'r the srnuario proposcd hcre is cousisteat with diffrrent observations. 

13.5.1 Comparison between observed spectral-line maps and mass-weighted 
velocity histograms 

Thc collidin¡.i; stn·arns W(' havc describcd as responsible for doud forniatíou should mauifost 

tlwmsPlvcH as multiple pcaks in density-weighted ve]ocity histograws of eme velodty com

poneut. tlw (•quivalcut in our siurnlations of the optically thin linc profiles iu observational 

spcctral linc maps. Altl10ugh frcqucntly Gaussia11 or other smooth curves are m,cd to fü 

such lines, conferring thc idea that. the lines are uni-wodal anc! correspond to wcll-defüwd. 

isolated cntitics. in actuality tlw profiles genornlly exhibit multiple pcaks (for recent. cxam

ples. see. c.g .. Falg;aronc et al. 1994) which are in fact normally interpretcd as "clumps" 

(e.g .. Williams. Blitz: & Stark 1995. hcreafter \VBS95). 

For cmnparisor1 with ohservational profiles, we show in fig. B.G the dcnsity-weight.cd 

hbto¡.;ram of tlw s-componeut of the velocity (n_1.) for the ··parcnt" doud showrd in iig. 

13.lli. As usual. this liistograrn has bccu ohtaiued usin¡¡, the local speeds iu thr cloud frarne. 

This llist.ogram may be coruparcd with the 13CO line profilc for thc Rosctte Iviolecnla.r 

Cloud (IL\IC) showu in fig. 4 of WBS953 . This doud is i11 many aspccts comparable to 

thi~ doud of fig. 13.lh: whik tht> RMC's dimcnsions (as dt~<luced from fig. 17 in WBS95) 

are~ 90 x 70 pe, thc cloud in fig. 13.llJ is~ 250 x 120 pe. Furthermorc'. the clcmd in fig. 

\'\Jthough fig. 4 iu \\'BS9.5 shows 1 ~CO spcctrn. whirh are optirally thick, then· is little. if an_v, quali

tatiw diff<"r('UCf' witli tlw optically thin 13 CO s¡wctra shown in fig. 5 of that paper 
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13.lb has a mean density of~ 10 cm-3, while the gas sampled in the spectrum of fig. 4 of 
WBS95 has a mean density ~ 15 cm-3• 

Histograrn of ux Fíeld 
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FIGURA 13.6: Density-weighted velocity histograms for the parent cloud (fig. 13.lb). Note the FWHM rv5-7 
km s- 1 , and the multi-component structure. 

Comparing the histograms for both of these douds, we note severa! points in common. 
First, both sets of data have FWHMs of roughly 6 km s-1 when only the main features 
are considered. SPr:ond, both sets exhibit high-velodty bumps, at several km s-1 from the 
centroid. Finally, and probably most importantly, the "main" features are seen to contain 
substructure in both sets of plots. However, while such features have been traditionally 
interpreted as "clumps", in our simulations they originate from extended regions within the 
cloud. 

In arder to explain thís phenomenon, we show in fig. 13. 7 a different representation of 
the parent cloud (fig. 13.lb). The isocontours denote the density field, the arrows show 
the velocity field in the frame of the cloud, and the various tones of gray represent zones 
with nearly the same x-component of the velocity Ux- The velocities range from less than 
-8 km s-1 to more than 8 km s-1. Each tone of gray indicates a velocity interval of 2 
km s-1 . Several issues are then observed. First, we note that the various peaks in the 
histogram of fig. 13.6 contain contributions from extended and separate regions in space. 
Second, local density peaks often encompass several velocity intervals, in a similar fashion 
to the situation for the entire cloud, suggesting a kind of self-similarity. Note then that 
the relative height in the histogram depends mainly in the mass fraction of the gas with 
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the corresponding value of ux, since every velocity interval appears to sample a wide range 

of densities. Third, a given feature (peak) in the histogram may have contributions from 

regions with very different total velocity vectors, which only happen to have a similar x
component. The above results suggest that the identification of "clumps" as features in 

velocity space is risky at best, and possibly erroneous, as already pointed out by Adler & 
Roberts (1992) 
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FIGURA 13.7: Sanw doud as in fig. 13.lb. hut. indirnting t.ht• magnitud(• of t!H• local .r-rnmpone!lt of tlw 
vducity (gray-scal!•), in nrrll'r to idP11tify tlw origin of t-he ;r-velocity featun•s appearing in the histograrn of fig. 
13.6. The wlocity range;; are indicatPd iu the sidebar. The arrows and contours inrlkate the velocity aud the 
dr-nsity fif'lds, rPspPctín•ly. Threr ¡.,oints are noticed. l. The contributíon to any v;iven ,·.--Joc-ity intcrval oríginat(•s 
fron1 ,•xternled regions t.hroughout the cloud. 2. Regions contributing to a given vdodty illterval contain ,:ones of 
signifinuit.ly díffpn•ut dPnsities. 3. Hr.•gíons with t.he same .r-c-omponent of !.he velodty can han• complet.ely díffern1t 
tut.al vt•locity w•c·tors. 

Note 1.hat. thesc rcsults rnay sccm contradíctory with nbservatious of smallcr molecular 

douds whid1 appear t.o havc a single narrow velocity componcnt (c.g .. Lada et al. 1997). 

HowcvPr. again tlüs may he a problem of immf-ficient spect.ral rcsolution. Reccnt work 

by Fa.lga.rom· et al. ( 1998) shmvs spcctral maps wit.h angular a11d spcctral rcsolutioll of 

~ ().()1 ¡ic aud ~ 0.02.5 km s- 1 respcctively. iu which substantia.l spat.ial ami spectral stnw

turP appears. Furthcrmorc. evcn with high-density tracen,, which are normally thought to 

sclect ·'isolated" foatures, multi-con1poncut spcctra.l structure is often observcd (e.g., Pratap 
et al. 1997). At vcry high spatial and spcctral rcsolntions, such compouents can sonH'ti

mei-. he separately identified ( c.g., Girart et al. 1997). althongh linc-of-sight confusiou is in 

general unavoidable and should alwa.ys produce spectral substructure. 
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A final word concerning the v€1ocity field is in arder. As poínted out in§ 13.4.1) signifi
cant vorticíty is found withln the clouds.4 Observationally, this may be detected as velocity 
gradients along the cloud's projected area on the sky, which indeed have been observed 
(e.g., Arquilla & Goldsmith 1986; Goodman et al. 1993). Furthermore, Miville-Deschéne 
et al. (1998) have recently reported possible indirect evidence for vorticity in clouds, based 
on the filamentary shapes of regions with large velocity differences and comparison with 
nearly incompressible símulations, although the analogy with the incompressible case is 
not confirmed in a similar study of velodty statistics in douds with vigorous internal star 
formation (Miesch et al. 1999). In any case, velocity gradients that may reflect vorticity 
are clearly seen in many regions. 

13.5.2 Magnetic Field: alignment, advection and field reversals 

Ooncerning the rnagnetic field topology, the field reversals and bendings mentioned m 
§ 13.4.3 might seem contrary to the widely accepted fact that thc magnetic field Hnes 
projected on the plane of the sky, as obtained in polarization analyses (see e.g., Goodman 
et al. 1990), are relatively smooth over the area of the clouds. However, on closer inspection 
of the field topology in our simulations, there is no contradiction. As can be seen in fig. 13.4, 
the magnetic field bendings are correlated with bendings of the density features, so that, 
along elongated density features, the field appears rather smooth. Besides, the projection 
along the llne of 8ight can make the field lines appear smoother than they are (Ballesteros
Paredes & VS 1999), and also field reversals may go unnoticed in polarization studies not 
accompanied by corresponding Zeeman measurements that determine the direction of the 

-~~------'field)LOn-th~other-hand.,~avidencaJhaLthe interaction of a shock with dense molecular gas 
is producing a reversal in the line-of-sight field component in the Orion/Eridanus region 
has been recently reported (Heiles 1997). 

Note also that it is by now well established that the field lines do not in general show 
a unique direction of alignment with the density features {Goodman et al. 1992). In our 
simulations this is also true. Although in particular for the case shown in fig. 13.4 the field 
lines are mostly para.lle} to the dcnsity features, in other cases they are perpendicular (see, 
e.g., the concave region at coordinates x ~ 605 and y~ 510 in fig. 13.4). 

13.5.3 Lifetimes of turbulent clouds 

An important consideration is whether the turbulent-fluctuation nature of the clouds pro
posed here gives cloud lífetímes consístent with current estímates. First of all, we should 
point out that clouds are not necessarily completely disrupted by the turbulcnce. Frequen
tly they are simply sheared, split, merged with others, or they can just re-expand into the 
general medium if they are not very strongly self-gravitating, again indicating that the 

medium is not in precise pressure balance (see the vídeos mentíoned above). 
In any case, a conventional estimate for a typical "lifetime" can be given by r = l/f::.v, 

where l is a characteristic size of the cloud and f::.v its internal velocity dispersion. As an 

4Note that "vorticity" here does not necessarily imply salid body rotation. 
5We thank Car! Heiles for pointing out this possibility. 

120 



Parte III Formación de Nubes §13 Articulo: Clouds as turbulent density fiuctuations ... 

example, we calculate this for the "daughter" cloud of fig. 13.lc. We find ilv = 2.3 km s~1 , 

and l ~ 30 pixels = 37.5 pe. Thus, T ~ 1.6 x 107 yr. This value is consistent with varíous 

estimates of GMC lifetimes of order a few x107 yr (Ba.sh et al. 1977; Blitz & Shu 1980; 
Larson 1981; Blitz 1994). 

Note that cloud lifetime estimates of a few 108 yr have also been suggested (e.g., Kwan 

& Valdés 1987), but these are based mostly on coagulation models which require long 

times to build up GMCs out of small clouds, and which include the build-up time in thc 

total lifetime estímate. Moreover, those models were partkularly motivated by the need 

to explain the presence of molecular clouds in the Galactic interarm region (Solomon et 

al. 1985), in terms of a cloud lifetirne longer than the arm crossing time, neglecting the 

possibility that interarm clouds may form there. Such models are probably inconsistent 

with the present turbulent view of the ISM. 

13.6 Discussion 

13.6.1 Applícability to molecular gas and the role of 1'eff 

The analyses from the previous sections have been perforrned on simulations which have 

reasonably realistic cooling functions and a diffuse heating which decays with increasing 

density (mimicking self-shielding) (PVP95). As seen from eq. (13.4), such heating and 
cooling rates irnply dfectivc barotropic exponcnts typically smaller tlrnu 1. Thesc heating 

aud cooling ratcs are most appropriat.c for <liffuse HI Htructures, which m<'ty he vcry largc 

(up to ~ 1 kpc, altbough sruall-sc.-t!P structnre rnust exiHt there as wcll). The qucstion 

t.hcn arifü•8 as to wlwther tlw dyuarnical sccuario wc have proposed hen· is applkahlc to 

rnol<·cular douds (MCs) and tlwir sub:-itrnctun! (with sizes ~ 10 to ;S 0.1 pe). Although 

t.h<· ultirnatc' ü•st for thi:-i problem will require 11ew numerical sirnulations, which will be 

pw:-iented chicwberc. W(' can diHCUS8 the issuc to a ccrtain extent herc. ba~ed on recent 

rcsults 011 tlw role of ¡plf (Tohliuc et al. 1987; VPP96; Passot & Vázquez-Semad1~ni 1998). 

whích is a mea.•mre of the t.htmnal characteristies of the flow. 

The main diffen~net~ hetween the parameters of the siumlations presented herc and 

sorne otlH'r set, more appropriate for MCs, is the dfective barot.ropic cxponcnt of the 

liuw. (Note that t.lie only scalc-dc~pcudeut quantitic:; in our simulations are tlw heatiug

and coolinp; rates. All ot.hr~r quantitirs are scale-frec.) \Vhilc in general in our simulatiorn, 

O '.S' ~,,.¡r < 0./i (c.f. ~ 13.3), it is possible that in molecnlar gas ~leff 2: 1 (!vlycrs 1978). 
Actually. t.hc· situat.ion at dcusities 2:, 103 ctu- 3 is rathcr lllICPrtain, with ~,df possibly 

bdug ~ 1 \wtween 103 and a fow x 10 1 crn- 3 becansc of tlie importance of collisional 

dccxcitation itrnl radiat.ivc t.rapping in CO li11cs, ami eitlwr larger or smaller t.han unity at 

largcr dcm;ities dcpeudínµ; 011 thc presence of cmbedded stdlar scmrces and ot.hcr factors 

(Scalo et al. 1998). 

Ju any case, wc can discuss thc ex¡wctcd dfect of the gas having ~lc,ff 2: 1 on the 

nat.ure of thc <lf'nsity ftuct.uatiom; arisiag; in t.lw flow. It has rec:cutly bccn shown by 

Passot & Vázquez-Sernadeni (1998) that at larg!'r ÍPff thc dcnsity peaks are spatially morn 

Pxtended ancl of srnall!'r amplitudc, whilf' the clcnsity mínima are very deep. At small ~/eff 
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(O ::; 1'eff < 1), the situation is reversed, the peaks beíng very concentrated and large, 
while the minima are not. as deep. This is because the sound speed e scales with the 
density as p{'Yefr-l)/2, causing the peaks to re-expand faster at larger 'Yeff· At 1'eff = 1 a 
critical case occurs, the fluctuations of In p being symmetrical with respect to the mean. 
VPP96 have calculated the density jump for shocks in a barotropic fluid parameterized 
by 1'eff· Thus, if 'Yeff is larger at MC densities thaµ in our simulations, we can expect the 
density peaks to be wider and less pronounced. But we do not expect the general scenario 
of clumps being formed by turbulent compressions to change sígnificantly. The colliding 
streams, if supersonic (or super-magnetosonic), create non,stationary shock-bounded slabs, 
which simply re-expand after the compression subsides (if not made self-gravitating by 
the compression-see below) on timescales which depend on 'Yeff• li the compressions are 
subsonic no shocks form, but, for suffi.ciently small 'Yeff and/or cloud. masses clase to their 
Jeans mass, collapse may still be induced by the compressions (Tohline et al. 1987). 

13.6.2 Can hydrostatic structures form within turbulent clouds? 

One crucial issue, however, is whether the compressed slabs can become self-gravitating 
u pon the compression, and, if so, whether a quasi-hydrostatic configuration can be formed. 
The former problem has been addressed by a number of authors (Hunter 1979; Hunter & 
Fleck 1982; Tohline et al. 1987; Vishniac 1983, 1994; Elmegreen 1993b; VPP96). Two 
main issues are at play here. One is the total gravitational (Eg) and internal (l'th) energies 
oí the cloud (for the purpose of this discussion the "ínternal" energy can be generalized to 
include all forms oí energy that provide support for the cloud against gravity). The othet 
is the rate at which each energy increases upon-compressio11-;-lf-jf1d➔-&th-,-the-cloud_is __ _ 
gravitationally unstable1 and collapses upon a perturbation. This is essentia.lly an integral 
version oí the Jeans criterion (e.g., Bonazola et al. 1987). However, for three-dimensional 
collapse, it is well-known that, ií 'Yeff > 'Ycr :::: 4/3, t.hen the collapse will ultimately be 
halted, since fth increases {aster than [fgl• The corresponding values of "fer for 2- and 
1-dimensional collapse are respectively 1 and O (VPP96). 

Conversely, if a cloud is initially stable according to Jeans {l"th 2: [t:'gl), it may be ren
dered unstable upan compression. Tohline et al. (1987) have calculated the requíred Mach 
number of a 3-dimensional compression as a function oí 'Yetr for this to occur, provided 
that 'Yeff < 4/3 (for O < reff < 1 they found that the required Mach number is indepen
dent of the cloud 's mass). Two- and ~ne~dimensional compressions require reff < 1 and 
reff < O, respectlvely (VPP96). The issue is then the following. In arder for an initially 
stable cloud to be pushed over the interna! energy "barrier11 (Tohline et al. 1987) by a 
strong enough turbulent compression, it is necessary that 1'eff < ')'t, where 'Yt is the criti
ca! 1 for /t'g/ to increase faster than t't1i upan the turbulent compression. From there on, 
gravitational collapse takes over. Since in general turbulent compressions are expected to 
be less than three-dimensional, then generally we expect 'Yt :::; rg, where ')'g is the critica! 
1' for gravitational collapse.6 Then, reff < 1't S '"'/g· Thus, we conclude that, if collapse 

6Here we are allowing for the possibility of gravitational collapse to occur faster in one direction than 
in the other two, as is the case of cosmological "pancakes". 
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was triggered by a turbulent compression, it cannot later be halted by the interna! energy1 

unless 'Yeff changes in the process. The latter may happen in the late stages of collapse, 

if the dynamical timescales become shorter than the radiative cooling timescales, causing 

'Yeff to approach the actual heat capacity ratio of the gas 1 , rather than the value derived 

from the condition of thermal equilibrium (see, e.g., PVP95). 

We should insist here that the effects of all forms of support, such as the magnetic pres

sure and turbulent support, can in principle be included in ,eff. On the other hand, this is 

a very simplistic description, since in general 'Yeff may be a function of the density, and the 

anisotropic nature of magnetic support may not be well described by a simple barotropic 

exponent. In any case, this discussion illustrates our main point: quasi-hydrostatic configu

rations cannot be produced out of turbulent fiuctuations, unless the fiow becomes closer to 

adiabatic than to isothermal during the collapse. Fluctuations either rebound or collapse. 

However, at small í'eff, the rebound time is long (VPP96; Passot & Vázquez-Semadeni 

1998). 

We can examine more quantitatively the conditions under which adiabatic compression 

or collapse would occur if thermal pressure provides the main support mechanism for a 

clump, by comparing the coolíng timescale Tcool = nkT / A (A = cooling rate in units of 

erg cm~3s-1 ) to the compression time Tcomp = L/v and the collapse time Tcoll = (Gp)- 1! 2 . 

For the cooling rate we distinguish two density regimes. For 103 ;S n ;S 104 cm- 3 the 

cooling is dominated by CO line cooling. We adopt a rough approximation for the CO 

f'ooling ratc (sec wfr•rcuuis i11 Scalo et al. l!J!J8) as A~ 10-20 n3T2 , wherc n3 = n/103 cm··3 

and wc havc as:·mrned that collisional deexdtation yiclds a linear (rather than quadratic) 

<knsity depcndencc at thesc densi tics. Wc rcr:ognize that this is a r:rudt! rcpreseutation of 

tlw rnolen1lar !"oolin¡.; ratl•. but it sufficcs for onr ordcr of magnitude estimatcs. At larg<'r 

dcasitics the cooling will lw dollliuated by gas-graiu collisious (if tlien! are no c:mheddcd 

protostc•llar sources), witli a ratc 2 x 10-33,/y1/ 2 (T- Tgr), wherc 7~r b the graiu tcrnpP

rnturn anrl thc codfident depends somcwhat 011 the adopted grain parameters. ½'e assume 

T - Tgr :::::: T for our order of rnaguitudc nstimatcs. 

For compres:,;iorn,. wc fincl that thc condition for acliahatic cvolution ( Tcomp < Trnol) 

yicld.-; a critica[ length scale Lpc = L/lpc 

{ 
4 x 10-3 M ¡r/¿2 CO cooliug 

L¡.,, < ~ ' . . r x 10--, .\1 /n5 gas-gram coolmg. 

wlH'n' ]\,f is tlw Madi mHubcr of tlw cmupression. T10 = T/lOK. and n" = n/lO''crn 3 

For any n·asonahle l'vlach m1111hcr ,uliahatic co111pression is ouly possibk· for tiuy regions of 

¡.;j,,;e ;S 10 2 pe. 

If a (ucm-adiabatic) comprcssion results in collapsc, t.hc comlition for adiabatic collapse 

is TrnlJ < Trool. At dcm,ities 103 :S n :S 10-l, the adopted CO cooling rate results in the 

coudition n 3 > 2.1 x 103T¡0 . Bnt at such large dc11sities the cooling will be controlled 

by gas-grain collisious. not molecular linc cooling. lJsiug the gas-graiu cooling rate. thp 

cnudition for adiabatic collapsc is fouucl to he n."j < 1.2 x 10- 3T1¡/. I3ut at such sma!l 

densitics molecular lirw rnoling wunld domínate and be 11on-adiabatic. Thus for collapse 

induced by comprcssiou, adiahatic evolution will uevcr occur until thc collapsing entity is 
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so dense that it becomes opaque to its own infrared radiation, which only occurs at very 
large (protosteJlar) densities. 

Other possible sources of pressure a.re Alfvén waves and the small-scale modes of the 
turbulence. McKee & Zweibel (1995) have recently estimated the barotropic exponent for 
Alfvén-wave pressure for a variety of situations, finding it to equal 1 /2 for hydrostatic 
configurations, 3/2 for dynamic cases with uniform density or in which the waves are 
isotropíc, and up to 2 far shocks. The latter two values are larger than the critical value of 
4/3 for halting a collapse, implying that Alfvén-wave pressure might be capable of stopping 
a collapse triggered by a turbulent fluctuation. However, again we insist on the need for 
a change in ietr in order to stop an ongoing collapse. If 1'eff starts too large, the collapsc 
cannot be initiated {unless the system is globally gravitationally unstable to begin with) 
and the fluctuation will only rebound. One can think that, given the wide range of values 
for 1'eff found by McKee & Zweibel (1995} under various circumstances, a change in 1'eff in 
the right direction may occur, but this appears as a highly special situation. 

Moreover, indirect evidence that magnetic pressure in the fully developed turbulent 
case does not provide a large increase in the total 1'eff of the flow follows from the results 
of Scalo et al. (1998). In that paper, the same simulations reported here are shown to have 
a density probability distribution characterístíc of a 'Yeff < 1 case (namely, a power-law 
tail at large densities; cf. Passot & Vázquez-Semadeni 1998), even though the simulations 
indude a uniform plus turbulent magnetic field a.nd the Coriolis force. Clearly, the role oí 
the magnetic field in the turbulent regime still requires more investigation. 

Concerning the support by the small-scaufmoo.esuf-tlm-turbulence,-Vázquez-Semadeni-, - - -
Cantó & Lizano (1998) have found, for collapsing clouds, that the corresponding 'YEJII ranges 
between 3/2 and 2, depending on the rate at which the collapse proceeds. Again these 
values of 'Yeff appear large enough to stop the collapse, but the same problem arises as 
to how to change 'Yeff during the collapse. Furthermore1 in this case one might expect 
the turbulence to dissipate as the collapse proceeds, because the velocity gradients must 
increase as the spatial scales decrease. Recent results by Ostriker et ai. (í998) and Mac 
Low (1998) suggest that the dissipation time is smaller than the free-fall time, implying 
that indeed turbulence without replenishment of energy is not an effective source of support 
for a cloud. 

In summary, we conclude that none of the sources of pressure discussed above appea.rs 
as a clear-cut mechanism for stopping the collapse. This problem will be investigated in 
detail elsewhere. 

Is there any observational evidence for a dynamical rather than quasistatic state of 
dumps? A preliminary answer appears affirmative. Indeed, Girart et al. 1997 have 
recently reported on a system which may be interpreted as a collision of streams in L 723. 
Furthermore, Tafalla et al. 1998 have reported a core with inward motions that do not 
correspond to classical gravitational infall models. A detailed comparison of these data 
with our scenario will be presented elsewhere. 
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13.6.3 Do molecular clouds have sharp boundaries? 

The generalization of our results, in particular the gradual density gradients in the simula

ted clouds, to molecular clouds might be thought to be questionable because of the different 

form of the cooling function in molecular gas. However our results do not depend on the 

absolute value of the cooling function, as long as the cooling time is small compared to the 

dynamical time (which should also be valid in the molecular case), but only on the functio

nal temperature and density dependence of the cooling function, which enters the effective 

barotropic index. In fact the value of í'eff for molecular gas is similar to that used in the 

present calculations (see De Jong et al. 1980, Scalo et al. 1998), and so we see no physical 

reason why the shallow density falloffs found here should not apply to molecular regions. 

However there is a slight "hardening"of the equation of state in the molecular case that 

occurs at densities above about 103 cm-3 , as 'Yeff approaches unity dueto the importance 

of collisional deexcitation and radiative trapping (Scalo et al. 1998; this feature can also 

be seen in the figures in De Jong et al. 1980), but this in fact may be expected to cause 

the density peaks to have even shallower gradíents and lower maxima {given the same rms 

Mach number), as observed by Passot & Vázquez-Semadeni (1998). 

Note that our result of thc non-existence of sharp cloud density boundaries need not 

be in conflict with observations suggesting that molecular clouds have sharp edges (Blitz 

1991), since in this case the observed boundaries may just reflect a transition from mole
cular to atomk gas, withuut a ¡füicontinuity i11 thc gas rnass dewüty (e.g .. Goldsmíth 1987, 

Blit,.; 1991). But hcsidcs this molccular-atornic transition cffect. thc iwprcssion of a sharp 

bo1111dary often UJf•ntiow~d appcars to be subjectivc, and rnay be siruply due to the fact 

t.hat tlw S<'Hsitivity was not sufficient to rnap R. sufficiently large rcgion. In fact, in most 

cases of 13 CO maps which cover lar~c arcas (i.e. contain Largc numbers of pixdH) at good 

sensit.ivity. wc do not snf' tlw clairned evidence for sharp or regular lmundarics. Exarnples 

are Zin1mermann ami Ungerechts (1990) for the ncarhy L1497 doud: Kramer and Wiune

wisser (Hl91) for L14%. a high-colunrn deusity bonnd clofül with au cmheddcd cluster in 

Taurm,; and Heitlmusen et al. (1993) for 1,evcral high-latitude donds. Notice that thesC' 

regiorn, spau a raugr! of comlitious ( c.g. frorn esseutially non-gravitatíng to strongly self

gravitatiug). Also. iufrnrcd studies do uot show sharp boundaries for thc rnolecular clouds 

(Alv0s t!t al. 1998). Similar sensit.ivity effccts may occur in HI (c.g., Vcrsdrnur 1991). 

Wlrnt is ncedcd is maps that are scnsitive to all tlw gas. Eventually this qucstiou 

cau he S<'ttlcd by comparisons of imbrnillimetcr maps (which inclucle all the mass, not 

jusi wolccular) wít.h, :,,ay 13 CO or C180 rnapR. Comparíson of IRAS 100-p colurnn densitv 

iruagps (Clrnppcl & Scalo 1098) with 13 CO imagPs. while geucrally agrcPing on thc positious 

of <knsity c•uhérnccmeuts. iudícate that t.hc• IRAS ··clouds'" are often rnorc diffuse thau t.hc 

1J1olc~cular irnagcs (<'.g. sorne Tanrus subregions. R CrA, fi Oph filamcuts), supporting 

our c:laim thaJ onr rcsu!t.s can be gcneralized to molecular donds. Howcvcr thc IRAS 

rnlumu dcnsity irnagcs are uncerlain becanse of their bias a¡.>;¡-Ürn,t very cold clnst and the 

assurnption of a single tcmperature ;-,,long a liuc of 8ight. uscd in calculatiug column dPnsities 

from intensities aud color tempernture. so we consirlcr the IRAS resu1ts as iuconclnsive. 

On the othcr haud, we will uecd to índude CO cooling in order to s11bstantiate our 
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claim that the types of results we find here should apply to dense molecular clouds as well 
as the atomic clouds directly modeled in out simulations. 

The question of degree to which cloud boundaries are more-or-less discontinuous also 
has serious theoretical implications for other problems. For example, if cloud boundaries 
are relatively "soft", then shocks propagating through the density gradient can efficíently 
generate internal turbulence and perhaps even account for the supersonic internal line
widths (Kornreich & Scalo 1998), but if the boundaries are ''hard", one might expect the 
initial vorticity to be confined to a narrow surface layer (e.g. Klein et al. 1995). 

13.6.4 Effect of dimensionality 

In this paper we have used two-dimensional simulations because of the larger resolution 
they allow compared to the 3D case. This higher resolution is essential far the type of 
multi-scale analyses performed here. However, an important question concerns whether 
our results will remain valid when extended from two dimensions to three, Because our 
simulations are of "turbulence", one might think there could be a large difference, as seen 
for incompressible turbulence, where one finds an inverse cascade of energy to larger scales 
and an cnd state of two counter-rotating vortices in two dimensions; instead of the direct 
cascade to smaller scales and resulting much-less ordered equilibrium state. However it 
is a common misconception in the astrophysical literature that such huge differences in 
behavíor depending on dimension might occur in compressible turbulence. In fact there 
is no reason to expect such a differen~or mcompressi.ble-turbulence-the-different-be-~--
haviors are almost entirely due to the different numbers of quadratic conserved quantities 
in two (enstrophy and kinetic energy) and three (kinetic energy alone) dimensions. In 
contrast, in compressible turbulence, there is no Galilean-invariant quadratic conserved 
variable (momentum density is a quadratic invariant, but not Galilean invariant); the total 
eDP.rgy is conserved, but is partitioned between the kinetic and interna! energy, and the 
latter is not quadratic in the variables 7• Thus there should be no difference in 2D vs. 3D 
flows analogous to the incompressible differ@ces. However there still may be important 
differences stemming from other causes. For example, in 2D, effects like vortex stretching, 
magnetic flux tube formation and the dynamo are not present. In addition, there may 
be instabilities whose behavior is somewhat different in 2 rather than 3 dimensions ( e.g. 
Kelvin-Helmholtz). However we do not see how such differences could significantly alter 
our conclusions, since they are based essentially on the fact that turbulent density fluctua
tions aríse from negative values of the velocity divergence, a fact which follows from the 
continuity equation, and is independent of the number of dimensions. Besides, enlargement 
of the dimensionality only results in even more complex spatial behavior (e.g. see the 3D 
simulations of shock-cloud interactions by Stone & Norman 1992). 

7 After sorne time, we have learned that there can be inverse cascades with cubic nonlinearities, and 
what would be importat is just thc number of invatiants (T. Passot, private communication). 
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13.7 Summary and conclusions 

In this paper we have conducted a close examination of the topology of the density, velocity 

and magnetic fields that result in our 2D simulations of the ISM at the kpc scale, in 

particular within the clouds that emerge as the turbulent density fluctuations in that 

medium. We found that, in general, the cloud boundaries are rather arbitrary, being 

defined only by a density threshold criterion, but not by a physical boundary, such as a 
density or velocity discontinuity. The same arbitrariness is likely to be present in clouds 

defined by the tracer used to observe them, since a cloud may seem to "end" where the 

tracer density falls below a threshold density necessary to excite the transition, but this 

need not correspoud to auy abrupt drop in the mass density. 

We furthermore considered a hierarchy of clouds in the simulatious, by using a sequeuce 

of three progressively larger density thresholds for defining them. For clouds at all levels 

of this hierarchy, the velocity field in the simulations is contínuous across the clouds' 

"boundaries", indicating that the clouds are formed by colliding gas streams (Hunter et 

al. 1986; Elmegreen 1993b; VSPP95), with the density increasing towards the collision 

site. The density enhancements need not be confined exclusively to the collision site as in 

Burgers flows, because the vclocíties involved are typically trans-Alfvénic, meaning that 

the information on the collision can often propagate upstream (see also Pouquet et al. 

1991). Furthermore, since the collisions are generally obligue, it is likely that magnetosonic 
waws propaga ti11¡¡; pPrpt'udicnlar to thc r:ollisiou surface may ovcrtakc tlw obliquc fluid 

motion, cwn if thc total Huid vclocit.y is Huper-Alfvónic. This sceuario is in slrnrp rontrast 

with static modds in which thc clonds are imrncrsed iu an intcrcloud medium of lowcr 

density but higlwr tcmperaturc. aml c:onfincd by prcssure balance bet.wceu thc two "pha8cs" 

(e.g., fü,rtoldi & IvkKcc 1902; McKee & Zweibel 1992; McLaughiu & Pndritz 1996). In 

onr simul..ttions. which cmploy standard cooling functiorn,, hoth ·'pha.ses .. exíst, but thP 

trarrnitiou hetWf'Cll thcm i:; srnootl1, und the situation, rather thau bciug static, is lüghly 

dyu.uuic:. 

To furthf'r charac:tcrize thc role of t.he flux across thc douds' bouurlaries. wc considewd 

tlic snrfac<i (71d 11 ) ami volurnc (Ekin) kinetic terms in the virial thcorcm for the whole 

('.UHemblc of douds at une temporal snapshot in thc simulation. It was fonnd that both 

tf'nrn; an• typically of the saruc order of rnagnitude. indicating that the surface terms 

rnntributc a1i arnount comparable to the total kinctic eaergy of the doLHb to their ovcrall 

virial halancr. This was iutcrprctcd as a signaturc of the fact that, wheu the douds are 

formed by stream collisiorn,. the san te fiow is rcsponsible for hoth tlic total kinetic encrgy 

nmtairn·d wit.hiu tlH' clomls and for t.lw flnx anoss its bonudaries. 

\Vr: tiiscnssed. the difforPnct:s hetween thc thcrmal and tnrlrnleut. pn'.ssurcs. ('.lll phasi:-1i11P, 

tla' fact that whik the formc'r ís microscopic and isotmpic. thc latter may iuvo!VC' rwtcroH

copic scales. comparalile or eveu largcr thau the donds' sizeR. aucl b in general a,nisotropir, 

as in<lícated by its off-diagonal coutribntiou to the total prcssure tensor TI 1i. We thus coll

cluded that turbulent pressure confiucment is a contradictory concept, bccause it iuvolvcs 

motiorn, at large scalei-; which by ddiuition cam~e a changc ÍH the clouds' boundariei;. In 

turn. we argued that t!iPrn1aJ prcssnre equilíhrium in a nou-:.;tatic medium is irrelevaut. 
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because inert.ial motions may still distort or disrupt a cloud, even under thermal pressure 
balance with its surroundings. 

Additionally, we studied the magnetic field topology and strength in the clouds in 
the simulations, and their implication on whether the motions are super- or sub-Alfvénic, 
finding both super- and sub-Alfvénic motions within the clouds, supportíng the suggestion 
that the field is híghly intermíttent (Padoan & Nordlund 1999). We noticed that the field 
is significan ti y distorted and advected by the flow, in agreeinent wi th the result that the 
flow within the clouds is trans-Alfvénic. The field tends to be correlated with the density 
features, although without a unique mode of alignment (PVP95). This causes the field to 
look relatively smooth along density features, in agreement wi th most polarization studies 
(Goodman et al. 1990), but at the same time being bent where the density fi.laments are 
bent as well. 

A crucial question is whether the scenario depicted in this paper is consistent with 
observational data. We addressed this problem at the level of density-weighted velocity 
histograms, which can be compared to observatíonal spectral line profiles from real clouds 
of sinülar characteristics to those in the simulations. Although there are limitations to 
this comparison, our velocity histograms are encouragíngly similar to the observatíonal 
líne profiles, both exhibiting comparable FWHMs ( ~ 6 km s-1) and high-velocity isolated 
features, and both containing not completely resolved substructure, indicating multiple 
components. We emphasized that while this substructure is usually interpreted as isolated 
"clumps'', in our simulations it originates from different regions of the clouds, which may 
correspond to different "streams" and in general have one similar component of the velocity 
but very different total velocity vectors, as found also by Adler & Toberts 1992. We also 
mentioned observational evidence for field reversals in snocKS(Heiles 1997};---an--d-noted-that---- -- -
the topology of the magnetic field seen in the simulations is consistent with observations 

(Goodman et al. 1992). 

Finally, we díscussed at considerable length the possibility that the sccnario of clouds 
as turbulent density fluctuations may apply to molecular clouds and their substructnre 
(clumps and cores). Essentially, only the adopted cooling and heating functions in our 
simulations distinguish them from a case more appropriate to molecular clouds, which are 
believed to behave in a nearly isothermal manner. Based on recent results on the effect of 
the effective thermal behavior (Tohline et al. 1987; VPP96; Passot & Vá.zquez-Semadeni 
1998), parameterized by the effective barotropic exponent 'Yeff, we conjectured that only 
the shape (height and width) of the density fluctuations is expected to change, but not the 
general chara.cter of the inflowing streams characteristíc of their turbulent nature. We also 
suggested that quasi-hydrostatic configurations cannot be produced from turbulent com
pressjons, and that density fluctuations must either collapse or rebound, unless the effective 
thermal behavior changes during the collpase, becoming closer to adiabatic ( 1'eff ;:;:: 4/3), 
However, for small 1'eff, the rebound times can be quite long. We suggested, considering 
appropriate cooling rates and the· contributions from magnetic and small-scale turbulent 
support, that adiabatic evolution, and hence quasistatic configurations, are unlikely to 
occur either during compressions or during compression-induced collapse. 

In summary, we conclude this paper by stating that the results presented here are 
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not in contradiction, but rather quite consistent, with observational data. They seem to 

be, however, discrepant with the standard interpretation of those data in terms of sharply
bounded clouds in pressure equilibrium witb their surroundings, and with the identification 

of velocity features in spectral-line data witb isolated "clumps". It is interesting that our 
results give t.heoretical support to the suggestion made long ago by Chandrasekhar & 
Münch (1952) that the interstellar medium may not best be visualized as a system of 
discrete clouds. However, the "cloud model" is difficult to displace because, as they say, · 
'' ... a tendency to argue in circles can be noted in the literature, in that confirmation for 
the picture of interstellar matter as occurring in the forro of discrete clouds is sought in 
the data analyzed". 
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13.8 Appendix A 

lu t.his AppPndix wc check the possibility that thc width of thc clouds in th{' simnlat.ions 

mi¡~-l1t he d1w to a nuuH·rical artifact. ludeed, the simnlatious solve tlw contirmity cquation 

as (sce, e.g .. Vázq11Pz-Scmad1•ni. Ballcstcros-Parcdei,; & Rodrigue~ 1007): 

(13.G) 

wlwre the right-hand sidc is a m;-1ss diffusion tenu, included ouly for muncrical reasons. 
so that tlw cod!' can handle shocks. This tern1 has t,he effcct of sprcading out dcnsity 
pcaks. Tlms thc possihility existH that thc douds in thc sinmlatiorn; are actually thiu 
shock-hounded slabs. artificially widcned by thc mass diffnsion. Iu order to test for this 
possihility. wt) co111pare tlw charadcristic dynamical and diffusion times in the vicinity of 

shocks. If thc dywuuical tinw is shorter, then diffusiou does not have time to sprcad out 

tlw shock, and the widt.11 i:-; real. caused by dynamical a¡¡;Buts. ratlwr than thc artificial 

rmtHs diffu:.iou term. 

The cffectH of mabs diffnsion have already lieen discnssed in tlw Appcndix of Vázque:r.
Scrnackui. Ballesteros-Paredes & Rodrígnc:i: l!JD7.89 There it was shown t.hat t-11<' chame-

8 :--.1ot,• that in that pa¡wr a rnupll' nf typographical errors appPar. In Pq. (15), thP quotierit 011 t,J¡¡, 

right-hand side should be raised to thP power 1/2. and in eq. (16). the terrn in the dcmorninator on tlw 

HHS should lH~ 111 1 / 1 , not 111 112 . 

1'La nuta de pie de página antl'rior se aplíca a la n~rsión ¡rnhlirada del artículo Vázquez-Semaderii !'t al. 

1997 (Apj 47-1, 292). En la presente tPsis dichas rorrrn-ionPs ya han sido incorporada.~. 
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teristic timescale for diffusion, in code units, is 

tdiff = 9.41 X 10-3 (~)2, 
to lp1x 

(13.7) 

where ta = 1.3 x 107 yr is the code time uniti and a is the size scale of interest. Mass 
diffusion is most important when density peaks are large (i.e., of large amplitude) and 
th.in. As mentioned in the text, the shock wídth in the code is typically of a few pixels, 
and we thus take a = 5 pix. Then, the diffusion timescale is td¡ff = 0.23 code time units. 
On the other hand, the dynamícal tímescale is 

(13.8) 

The typical velocity difforence across shocks is Jv ~ 0.5 in code units (i.e., ~ 6 km s-1 ), 

giving tdyn = 7.9 x 10-2 in code units. Thus, the dynamical time is roughly 3 times shorter 
than the diffusion time. Of course, lower velocity differences will imply longer dynamicaJ 
times, but then these velocities become sub-magnetosonic and do not cause shocks in the 
first place, implying that the density peaks will have much larger widths as well, augmenting 
the diffusion time as well. We conclude that the width of the density peaks is in general 
not due to the artificial mass diffusion. 
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Capítulo 14 

Introducción al Problema Post-T 

Tauri 

Las estrellas T Tauri fueron identificadas originalmente por sus intensas líneas de emisión 

y variaciones irregulares en su brillo, además de estar asociadas con gas molecular. En 

la actualidad se entiende genéricamente por estrella T Tauri a una estrella de baja masa 

(M ~ 2M0 ) que aún no llega a la secuencia principal, independientemente de si se le 

encuentra asociada a alguna nebulosidad, o de si tiene lineas de emisión intensas. A las 

<pw presentan PmiHión intensa Re les denomina estrellas T Tauri Clásicas (CTTS), mientras 

(llle a las qm' ti('ncn emisión d{diil se l<'S denomina eHtrellas T Tanri dóhilc:-, CWTTS). 

Las edades rn,timadas para uuhes moleculanis sou de\ orden de varia1-; v1~ccs 107 años 

(Blitz & Shu 1980). de manera que. suponiendo que las m1hcs molf'culare¡,; forman estrellas a 

lo largo dP toda su vida. r-s de esperar qnc las regiones de formación estelar teugau estrellas 

con edades siruilares a las edades <k las nubes donde se formarou. Sin cmhargo. Herbig 

( 1978) mostró que había una falta de estrellas cou edades1 mayore!-l a ~ 3 millones de aiios 

en la rPp;ión ck: Taurus~Aurig:a2 . Incluso, argumenta Herhig (1978), si la formacióll c:-;telar 

es muy intermitente. uno esperaría uu cociente th~ ul menos una estn'lla post-T Tami3 

(PTTS} por cada cstrdla T Tauri (TTS) eu rcgioues de formación Pstdar snficicuternente 

1 La rlPtr-rrninación de las ¡•dades para estrdla,; T Tanri involucra los sil!,uit'utc·s pasos (Hanm,uni I!JVS): 

a) '.\!rdicióu de los coci{'ntt•s d{' la;; intensidades de las líne,L, foto;;füric,ts de ahsorcíóu. a fin de cktenninar 

d tipo n,p!'ctral y por rrvk \a tnnperaturn efeniva; b) Corr!'cciór, por extinción de los flujos <>hsNvados. 

a tiu el(• dN('rmiuar la luminosidad ~i SI' co1wcr la dist,ancia a la (';;trl'lla. e) ubicación rn L'I diagrama HR. 

,. d) utilizadún d1• trazas cnllutiyas (wr Fi¡r l.'i.lit dd §15). E, importante notar qut', para estn,Jlas in;1s 

t;ml!as qut:' rle\ tipo :-1. la (!r-tcrmiuací(m de• l'(lad,•s usando la iutl'nsidad d0 la lfae,\ de Litio Li [ .\ GTOí A 

ll la tasa rle rotación ¡-;; difü:iL ya qw• L•stO'.-i üiscritnina,lorl'S ~ólo pow•n una rntn ,c;n¡wrior a !a Pdad. ¡wrn 

1w ¡wrmlH•u rlf'tnrnirnir\;i run pn•risiún ( l3riceün. com1nlicarión prin1da), 

2El ar[!;unwnto (!,. Hcrh1g (1978) e:'> corno ,-,igiw: sí 1111 objeto pa::.a uua fracd{m Jl de su vi<la (nm fJ Pntn· 

[) y t) Pn urt rstadín dado. r·nton,,'s e, dt.• es¡wrnr q111•. al ll"\·<rntar un censo. se t•nc1w1Jtn•n (1 ~ p)/p oh_jt,tos 

PU fa,.(•,-, 1liferl'ntes a la fase c-n cne;;tión. Por ejnuplo. para ccnnparar cuántas 1·str('l!as po;;t-T Tauri entrf' 

3 y lll millonrs 1le aüos dd)(' halwr. n·spf'cto a las rstrellas T Tauri con llH'llOS dr 3 tnil!orws de a110;;. 

rouduiriamos r,¡nl' ddwrla habn 7 l'StrPllas prn,t-T Tauri por cada 3 estrellas T Tauri. 

3t·na definición dara de- f'StrC'lla post-T Tanri no existe. Sin emhargo. d,ulo qur las L'strPllas de seru(•nc-ia 

principal (Niades r\(' W~ arios) no prn,een lineas di' eu1isión intensas. SI' r:-pf'rn c¡ue las e;;tr1;>1las po,;t-T Tauri 

tPng;an valores dP intensídad íntrrnwdíos (Herbig 1978). 
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grandes. 

A la fecha han sido realizados varios intentos por identificar esta supuestamente "nume
rosa" población de estrellas post-T Taurí. Por ejemplo, Jones & Herbig (1979) estudiaron 
los movimientos propios de 250 estrellas débiles en la dirección de Tauro, encontrando que 

solamente la cuarta parte de éstas tienen la misma dispersión de velocidades ( ~ 2 km s- 1) 

que el gas molecular en Tauro y las 75 estrellas T Tauri previamente conocidas en esta 

región. Es decir, por cada 4 estrellas T Tauri conocidas, los autores solamente encontraron 
una estrella sin características T Tauri que compartía el movimiento global de la población 
en esta zona. Similarmente, Hartmann et al. (1991) encontraron un cociente de 1 estrella 
de ~ 10 millones de años por cada 10 estrellas T Tauri. 

Los intentos por ídentificar la población de estrellas post-T Tauri "perdida1' involucran 

censos en rayos X (RX) (ver por ejemplo, Feigelson et al. 1987; Walter et al. 1988 y 

referencias ahí citadas). En particular, Walter et al. (1988), usando datos del satélite 
Einstein determinaron la existencia de 44 estrellas con edades de entre 1 y 40 millones de 

años en la región de Taúrus-Auriga. Sin embargo, Hartmann et al. (1991) mostraron que 
estas estrellas no poseen litio, de manera que sus edades debían ser mayores a 30 millones 
de años, y sugirieron que dichas estrellas debían ser de campo, con intensidad considerable 
en RX. Más aún, Hartmann et al. (1991) mostraron que al menos algunas deben estar 
asociadas con el grupo Cassiopea-Taurus, y no propiamente con la nube de Tauro. 

Por otra parte, con la ayuda del ROSAT All-Sky Survey (RASS), Ncuhauser et al. 
(1995) y Wichmann et al. (1996) sugirieron haber encontrado la población de PTTS. Sin 

embargo, esta población tiene una distribución espacial muy extendida, y no centralmente 
condensada en dirección de Tauro, como sería de esperar si hubiese una tasa de forrrng:ió,,,,1,.__1 ~

estelar continu_a~(.más-no.-nf!Gesaríamente---crrnstante)aurante unos 107 Icill~ de años. 
Adicionalmente, la determinación de edades dada por los autores que usan mediciones en 

RX presenta algunos problemas, como mencionan Briceño et al. (1997): 

l. Emisión de RX. La emisión en RX decae poco en escalas de tiempo de entre 106 

y 108 años en estrellas G y K; éstas constituyen una gran fracción de las fuentes 

detectadas por ROSAT. En otras palabras, los censos en RX no solamente son sensi

bles a las estrellas pre.secuencia principal (PMS), sino también a estrellas jóvenes de 

secuencia principal. Resultados obtenidos con EXOSAT y con el Einsteín Extended 
Medium Sensitivity Survey (Tagliaferri et al. 1994; Favata et al. 1993) han sugerido 
que la mayoría de las fuentes estelares en esos censos son estrellas con edades com
parables a las de las Pléyades (108 años). Sterzik et al. (1994) sugirieron que RASS 
puede estar detectando una población de estrellas de campo mucho más 'viejas que 

las TTS y que no están relacionadas físicamente con su lugar de nacimiento. 

Para ilustrar el problema, en la Fig. 14.1 presentamos una gráfica del ''cociente de 

dureza" HRl vs. HR2 en RX, donde 

HR1 ~ h+m-s. 
h+m+ s' 
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HR2=- h-m 
h+m' 

§14 El Problema Post-T Tuuri 

(14.1) 

son los índices de dureza, y h, m, y s son las emisiones en RX en las bandas dura (0.9-

2 keV), media (0.5-0.9 keV) y suave (0.1-0.4 keV) respectivamente. Tomando datos 

obtenidos por Gagné et al. (1995), Briceño et al. (1997) han encontrado que estrellas 

como las Pléyades (puntos en la Fig. 14.1), con edades de ~ 108 años, presentan 

cocientes de dureza similares a los rle las WTTS, con valores de -0.15 :$ HRl :$ 1 

y -0.3 -S HR2 -S 0.5 (recuadro en la Fig. 14.1). De esta gráfica parece ser que el 

cociente de dureza no es un buen discriminador de edad. 

0.5 · 

N 

i o 

-0.5 

-0.5 o 
ílk ! 

D.5 

F lG t:HA 14.1: Cori,•nles el,. rluri~za ,•u RX p;ua l;;,s I'l(•yades :\'6tPS<' que práctir11mt•nte toda, l!L, Plé-ya,ks 

tí<'m'n coci••ntl'o dr· dnrn"-- ~imilan•,; t\ lo~ rk la~ \\'TTS, l'Oino se <knnta por la caja. (Tomarla de BrirPiw et al. 
Hl97, rort••~ía df' Cesar Brk,•üo). 

:2. El Problema del Litio. El ancho 1~qnivak1ttc de la línea de absorción Li 1 .X 6707 A 
ha sido usado ronrn nn índicador de jnvcutnd para estrellas tardías con e11volv<'ntc's 

ronvf'ctiv;is. E1 litio tiPIH' nna t¡,mperatnrn de fusión relativamt'tÜ(' baja.~ 2x 106 K. 

de 111a.nera que es fáci\mrutc destruido mediante reacciones t<'fllHlllllcleares eu d Íl1k

rior estelar, Aquellas P!StrellaH que tiem'II ruvolv1mtes convPctiva,s p1H'den trarn;portar 

el litio de la superficie a las regimws interiores y dcst.rnírlo. Sin embargo. mien

tras que las e8trellas M prcS('Iltan una falta de Li considerable durante sus estadías 

pre-sccnencia prindpal ( varios 10' años). las cstn~llas G y K tt~mprauas limitan la 

convPccióu a las capas extPT1rns. lo cnal les permite llegar a la sec:uc0 ncia principal 
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con una considerable fracción del Li con el que se formaron, como en el caso de las 
estrellas G y K en las Pléyades (ver, p.ej., Sodelblom et al. 1993). 

Por lo anterior, al igual que la emisión de RX, la intensidad de la línea de absorción 
de Li I >. 6707 Á usada para identificar objetos PMS tampoco decae sustancialmente 

con la edad para estrellas G y K, que por otra parte constituyen una gran fracción 
de las fuentes RASS. Para ilustrar este problema, en la figura 14.2 presentamos 
una gráfica de ancho equivalente (W>.) contra temperatura efectiva para las estrellas 

WTTS (símbolos rellenos) y para las Pléyades (símbolos vados). De esta figura es 
claro que el ancho equivalente para estrellas G y K-tempranas es mayor a 0.1 tanto 

para las Pléyades como para las WTTS, de manera que el suponer que la condición 

W(Li) > 0,1 A es indic~dora de estrellas T Tauri como lo hacen Neuhiiuser et al. 
(1995), Wichmann et al. (1996) y Sterzik et al. (1995), es claramente riesgoso. 

GO C6 KO K4 K7 

• 7 
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•• • • • j 
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FIGURA 14.2: Ancho equivalente de la línea Li l .>. 6707 Á. W(Li) vs. temperatura efectíva Teff de la estrella 
(eje inferior) o tipo espectral (eje superior). Los círculos y triángulos rellenos representan datos para TTS tomados 
de Basri et al. (1991) y de Martín et a.t (1994), respectivamente. Los círculos vacíos y los asteriscos representan 
datos para las Pléyacles, tomados de Sodelblom et al. (1993) y López et al. (1994), respectivarnente. Los símbolos 
invertidos representan límites ínferiores para las Pléyades, y la línea horízontal representa el limite de detección de 
100 mÁ usada por Neuhauser {1995), Wichmann et al. {1996) y Sterzik et al. (1995) para identificar las fuentes 
RASS como candidatos TTS. (Tomada de Briceño et a.1. (1997), cortesía de Cesar Briceño). 

Además, las primeras mediciones de ancho equivalente de Li I ). 6707 A presentan 
problemas: el ancho equivalente medido para las estrellas RASS ha sido determinado 
usando una resolución espectral mucho menor que la resolución con la que se deter-
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minó el ancho equivalente de Li I para las Pléyades: las medidas para las Pléyades 

fueron obtenidas con resoluciones espectrales de ~ 0.15 - 0.25Á (Sodelblom et at 

1993; López et al. 1994), mientras que las resoluciones espectrales usadas para las 

WTTS en RASS son del orden de ~ 4.3 y ~ 8 Á (Alcalá et al. 1995). Con estas 
resoluciones, la.s líneas vecinas de Fe I (,\ 6703, 6705, 6710 y 6713 Á) pueden es~ 

tar mezcladas con la línea de litio ,\ 6708 Á, aumentando artíficialmente su ancho 

equivalente4 (Briceño et al. 1997). 

3. Emision Ha y Magnitudes Visuales: Análogamente a las discusiones anteriores, 
tanto la distribución de magnitudes visuales como la emisión Ha esperada para es

trellas G y K tempranas con edades de 108 años es comparable con las magnitudes 
visuales y la emisión Ho para las WTTS (Briceño et al. 1997). 

4. Velocidades Radiales: Del total de fuentes RASS, solamente 15 de ellas tienen 

velocidades radiales medidas (Neuhauser et al. 1995). La dispersión de velocidades 

oscila entre 8 y 15 km s-1, valores considerablemente mayores a la dispersión de 

velocidades de las TTS y del gas en Tauro(~ 2 km s-1). Más aún, la dispersión de 

velocidades para estrellas de secuencia principal de disco con edades de 108 años cerca 

del plano Galáctico es de ~ 10 km s-1 (Wielen 1977). Así, aunque hubiese algunas 

estrellas PMS en la muestra de fuentes RASS, la edad del grueso de estas estrellas, 
obtenida a partir de la <lispf'rsión <le velocidades, sería mucho mayor (Briceño et al. 

1997). 

Uu comentario adicional mencionarlo por Briceüo et al. ( 1!)97) es qnc si. corno ¡.¡osticue 

d ¡i,TUpo de RASS. todas estaH fuentes fuesen en efecto las estrellas pm;t-T Tanri perdidas. 
c·11touces cahría la pregunta ;,dónde se eucuentrn la pobladóu de estrellas con cüad.t~s de 

f!llt.rt' 107 y 108 aiírn-; qfü: dd)eria existir en caso ch, una tasa de fonnación razouablenwutl' 

contínua'? 

U na técuica que pn~senta nwnos ambigfü•dad es la búsqnPcla de estrellas post-T Tanri 

de tipo espectral M. ya qnc tales estreUa.s deben S(!r umcho más nunierosa.s, estar bí!'n 

localizadas en el diagrama HR por encima de la sccnencia principal, y el litio pued(' ser 

usado como un criterio de selección más efectivo para éstas .si su.s edade!i son me110n·s 

a~ 12 millones de mios. En c:ste sentido. Briccño et al. (1999) realir.aron nn estudio 

wockradamcute profunclo de campo ancho en el óptico y en RX en la regióu de Tamw,

Amif.!;a. lmscando la presencia de <!strclla:, tipo Ivl cou edades dP ~ 10 millones de aüos. sin 

('Bcuutrnr PvidPucia de üstas y refor:,mrnlo el arg11mento de qnc la mayoría de las fneutr•s 

H ASS no sou las e.stn•llas PTTS. 

; Recú•atenwnl'!,•. Zitkgraf l't al. (El'J'J) r<·alizaron un t•studio donde intentaro11 coi-regir los ancho,.; N¡ui

n1lf'11tt•s por posib!f- contaminaciún de lo.s líneas de Fe 1 mettcionadas. En este estudio, lo;; autorps reportan 

ocho estrellas· K y una estrella .\1 con absorción de litio. en nna mm•stra ck 35 PStrPllns. Siu nnbargo, 

Pst;t tampoco pan•ce ser la población de estrdlas post-T Tauri con entre 3 y 1 O millorws de años por dos 

rawues: primPramPntr. porqur Zíckgraf et. al (19!J9) rPportan edades que oscilan entre 10 y 30 millones 

de aiio;;. Adicionalmentr. 1lr su Fig. 5 tan solo dos dP la.s l"strellas K cou emisión dr lítío tienen al!chos 

•·qaivak>Bt.es <le litio m.a,vorf's al aurho (_•quivali.•ntr r\e \as l'l{>ya<les (C<·sar Briceño, comuniraóón personal). 
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Ahora bien, si en realidad no existen PTTS en la región de Taurus.Auriga, ¿cómo es 
posible que nubes con edades de 107 años hayan formado estrellas tan sólo en los últimos 
~ 3 millones de años? 

Una alternativa para resolver el problema fue propuesta por Palla & Galli (1997), 
quienes sugirieron que la aparente falta de estrellas T Tauri viejas puede deberse a que 
la formación estelar no es instantánea. Basándose en el modelo clásico de formación de 
estrellas de baja masa (ver Shu et al. 1987 y referencias ahí citadas), proponen que una vez 
que la nube molecular se ha formado, es necesario esperar entre 10 y 12 millones de años 
para que se deshaga de su exceso de campo magnético mediante difusión ambipolar, y las 
regiones más densas puedan realmente formar estrellas. Sin embargo1 este esquema presenta 
dos problemas básicos: por un lado1 el tiempo de difusión ambipolar depende fuertemente 
del estado de ionización de la nube (Myers & Khersonsky 1995), de manera que un retraso 
de 10 - 12 millones de años para toda la región de Tauro parece poco probable, sobre 
todo si se toma en cuenta que los valores de extinción hada la región de Tauro oscilan 
entre Av ~ l y 5 magnitudes, lo cual implicaría estados de ionización considerablemente 
distintos en diferentes regiones de la nube. Por otro lado, si consideramos que Tauro tiene 
uria extensión de l ~ 20 pe; y el gas molecular presenta una dispersión de velocidades de 

Sv ~ 2 km s~1 , entonces la edad dinámica de Tauro es del orden de T = l/óv ~ 10 millones 
de años. La pregunta entonces es, ¿cómo es posíble que la formación estelar en la nube se 
sincronice dentro de un lapso de tan sólo 3 x 106 años si la edad dínámica de la región es 
de 107 años? Además, otro problema con este escenario es que el esquema de formación 
estelar mediante el cual núcleos ( cores) cuasiestáticos se forman en un medio interestelar 
turbulento ha sido cuestionado recientemente (§13, Ballesteros-Paredes et al. 1999a). ~~-~ 

En el trabajo que se p:msruita-a.-oontinuadón-(§15;--~Ballesterós-Paredes et al. 1999b) 1 

adoptamos una posición similar a la de Palla y Galli (1997) en el sentido de proponer que 
Tauro no ha tenído tiempo de formar estrellas post-T Tauri. Sin embargo; el mecanismo 
propuesto es completamente diferente, y· se basa en el escenario de que las nubes son 
fluctuaciones turbulentas descrito en §13. Es posible entonces que el complejo de Tauro se 
haya formado recientemente, apenas hace unos 3 x 106 años, bajo la acción de este campo 
turbulento de manera coherente a lo largo de toda su extensión. En otras palabras, es 
el campo de velocidades el encargado de acarrear masa para formar estructuras. En este 
esquema) la colisión de corrientes turbulentas a mayor escala que el tamaño de Tauro, con 
velocidades características mayores que la dispersión de velocidades interna de la nube de 
Tauro1 es capaz de apilar este material en unos cuantos millones de años1 sincronizando 
entonces la formación estelar en regiones que_ estarían causalmente desconectadas 1 si se 
juzgase únicamente por la dispersión de velocidades interna de la nube. Para esto, se hace 
uso tanto de simulaciones numéricas del MI como de observaciones de gas molecular y de 
gas atómico hacia la región de Tauro. 
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Artículo 5 

Turbulent Flow-Driven Molecular Cloud Formation: A 
Solution to the Post-T Tauri Problem? 

Javier Ballesteros-Paredes Lee Hartmann, and Enrique 
Vázquez-Semadeni 

Ap.l. 527. 10 de dicicmbn-1 de 1999 

Resumen 

Sugerirnos que las nubes molf'cularcs pueden ser formadas cu escalas de tiempo cortas 
mediante la compresión de flujos a grau escala en PI medio interestelar. En partícuJar. 
argumentamos que el complejo de Tanrns-Auriga. cou filamentos de 10-20 pe x 2-5 pe. 
puede haber iüdo formado por flujos de H r en ;S 3 millones de arios, explicando la ausencia 
cfo r•str<'llas prn,t-T Tauri con edades de 2: 3 millones de años en la región. Observaciones 
cou la líuea dP 21 cm de los ··halos" alrelledur del gas molecular de Tauro mtiestrau rnuchas 
t·ara.ctnístin-ts (perfiles anchos y asimétrkos. desplazamientos en velocidad de H I respecto 
al 12CO) prcdiduL-; µur nuestras sinmlaciones MHD. en la cuales las corrientes de H I a grau 
esrn.la chocan para producir cst.ructuras den:,;as y filamcnt.arias. Esta evolución rápida es 
posihlE· porque los flujos de H I que producen y rompen la nuhe tienen velocidades mucho 
mayores (5-Hl km s- 1 ) que el gas molecular que resulta de la colisión de dichos flujos. Las 
siumlacíonc:-. sugieren que tales flujos pueden ocurrir debido a la turbulencia global del MIE 
sin la nPcesidad de un mecanismo disparador, como el ca.so de una explosión de supcrnova. 

1:37 
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Abstract 

We suggest that molecular clouds can be formed on short time scales by compressions 
from large scale streams in the interstellar mediurn (ISM). In particular, we argue that in 
the Taurus-Auriga cornplex, with filaments of 10-20 pe x 2-5 pe, must have been formed by 
H I flows in ,:S 3 Myr1 explaining the absence of post-T Tauri stars in the region with ages 
;e, 3 Myr. Observations in the 21 cm line of the H I "halos" around the Taurus molecular 
gas show many features (broad asymmetric profiles, velocity shifts of H I relative to 12CO) 
predicted by our MHD numerical simulations, in which large-scale H I streams collide to 
produce dense filamentary structures. This rapid evolution is possible because the H I flows 
producing and disrupting the cloud have much higher velocities (5-10 km s-1 ) than present 
in the molecular gas resulting from the colliding flows. The simulations suggest that such 
flows can occur from the global ISM turbulence without requiring a single triggering event 
such as a SN explosion. 

15.1 Introduction 

It has been recognized for many years that the nearest star-forming regions exhibit little 
evidence for stars of ages ;::, 5 Myr, even though one would expect that such "post-T Tauri 
stars" (PTTSs) should be more numerous than the ~ 1 Myr-old T Tauri stars. More than 
a decade ago, Herbig, Vrba, & Rydgren (1986) stated that "it is a source of sorne unease 
that this large population of PTTSs has not yet been identified.11 Sínce that time, a variety 
of techniques have been used to search for PTTSs, including proper motion surveys, fainter 
objective prism plates, ana-ccD-photometric-seleGtion.-k;_outliued in §b_~one of t½_e~e 
techníques has yielded evidence for PTTSs in auy significant numbers. 

The lack oí PTTSs, combíned wíth the presence of newly-formed stars in all substantial 
nearby molecular clouds, is most simply explained if molecular clouds like Taurus come 
together, form stars, and disperse in a few Myr. However, this simple picture causes 
rlifficulties for current theories of star formation. Since Taurus has a spatial extent of 20 
pe, but the molecular gas has a velocity dispersion of ouly about 2 km s-1 ; it is difficult to 
understand how sucli widely separated regions produced stars almost simultaneously, Le., 
how star formation is "triggered;' throughout the cloud on a scale shorter than the crossing 
(or dynamical) timescale. In principie, a single powerful event líke a supernova explosíon 
might trigger star formation in a molecular cloud over short timescales, but there is no 
obvious candidate for this triggering source in the case of Taurus (Elmegreen 1993a). 

In addition, Taurus is supposcd to be the archetype for the "standard" picture of iso
lated, low-mass star formation, in which magnetically subcritical cloud cores collapse to 
form stars only after ambipolar diffusion has removed excess magnetic flux on timescales of 
order 5-10 Myr (Shu, Adams, & Lizano 1987; Mouschovias 1991, and references therein). If 
protostellar cloud cores are highly subcritical, the long ambipolar diffusion timescale makes 
it diflicult to understand star formation events lasting only a few Myr. A long diffusion 
time also is difficult to reconcile with statistics of cloud cores (Lee & Myers). 

Palla & Gallí (1997) argued that the ambipolar diffusion timescale simply introduces an 
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age offset. In this picture, the molecular cloud cores which produced the present-day Taurus 
stars started contracting, say, 11-12 Myr ago, so that the cores have become supercriticai 

and started collapsing only over the last 1-2 Myr. However, there is no unique ambipolar 

diffusion timescale; it depends upon the ionization fraction, which in turn depends upon 
precise conditions of shielding (Myers & Khersonsky 1995), and on how subcritical the 

doud core is ínitially. Thus it is difficult to understand how ambipolar diffusion does not 

introduce a spread of at lea.st severa! Myr into the onset of star formatíon. Moreover, 

as pointed out by Fiedler & Mouschovias (1993), Nakano (1998), and Hartmann (1998), 
strongly subcritical clouds must be confined by externa! pressure to prevent disruption 

by expansion. The possibility of producing a steady externa! pressure in the generally 

turbulent environment of molecular clouds has been questioned recently by Ballesteros

Paredes, Vázquez-Semadeni, & Scalo (1998), who suggest that the turbulent motions are 

not stea.dy, and can disrupt as well as compress clouds. Given these problems and the 

evidence of the stellar population, it appears likely that ambipolar diffusion is not a majar 

constraint on the timescale of star formation in Taurus, as argued by Nakano (1998) on 

general grounds, and as proposed many years ago by Shu, Adams, & Lizano (1987) for 

much denser regions. 

Even if the arnbipolar diffusion tímescale is uot relevant, there stíll remains the problem 

of triggering star formation in Taurus. This is possible in a dynamical scheme, where large

scale turbulent streams collide, collecting the material they are advecting and creatin.e; 
density :fl.uctnatíons (Hunt.er 1979; Hnntcr & Flcck 1982: Hunter et al. 1986: Tohline et a1. 

HJ88; ElmegrcPn Hl9:3b: Vá;,,quez-Semadeni. PaKHOt & Ponquct 1095a: Ballc·steros-Par('<les 

d al. 19ü0a: sPe also Vázqucy,-Semadeni et al. 1999). In thiK pict.ure the fonuation 

of molecular clourls canuot be co111-,írkrcd separately from tlw forrnatiou of tbeir pareut 

diffusn H I clouch,. 1f molecular gas douds 1ike Ta.mus are ··assemhlcd'' by the converg;c11ce 

of highrr-w!ocity neutral hydrogen flowH. one inight explain the llCarly-.siurn1taneous star 

forurntiou over larger distaucc scales without iuvokiug a single triggering event, líke a SN 

explosiou. 

In this paper wc c:onsidcr the dynarnicaL kinematic and spatial relationship bctwei~11 

tllf' neutral hydrogcn aud 111olec11lar gas ín the Taurus region. Our analysis is ba.scd ou 

H i and 12 CO oh-;ervations, showing that iu many places therc is H I. which appears to 

he dynamically correlat.ed with tlw molecular gas, but witb substantial velocit.y offsets and 

larger velodty di:-;persious. Th(~ dynaruical tinwsr,des for the douds are theu given by the 

1-waic of tlie dou<ls dividecl by the velocity rlispcrsion of the externa] H L contrnry to tlic 

assnmption that the interna] velocity di1,persion is the relevant quantity. \Ve further :=;how 

tlrnt Hwsc reimlU; ane qualitativdy consiiite11t with MHD simulations of tlw IS!\1, suggcstiug 

t.hat tlw rnolnf'ular clonds like Taurus can be rapidly asscmblcd, climinati11g the uecd to 

fiud PTTSs íu thc pn~sent molccnla.r ¡!,as complex. 

In ~15.2 w,, rnvic-:w tltc ohserva.tions ka<ling to the post T-Tauri prohlem. Iu Sl5.3 wc 

explorP tlw dynamical relatiouship hetween H I aml CO gas in the Tanrus region. while iu 

~ lG.4 we show simulat.ious of the ISlVI dyna.mícs that. we use to interprct tlw obscrvatimrn 

in 915.5.1. Fiually. we point out limitatiorn; of our simulations iu 915.C>.2, and smmnaríze 

our condusio11s iu ~15.G. 
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15.2 Historícal Context: The post-T Tauri problem 

Analyses of molecular cloud lifetimes have rarely included constraints from their stellar 

populations; yet the ages of the stars produced by these clouds provide uniquely detailed 

constraints on cloud ages that are not obtainable in any other way ( e.g.; Hartmann et al. 
1991; Feígelson 1996). Because of the hnportance of the stellar population ages, it is worth 
reviewing the situation in sorne detail, especially gíven sorne of the conflicting líterature 
on the subject. We focus on the Taurus-Auriga molecular doud complex, where the most 
detailed observational efforts have been made. 

To illustrate the problem; Figure 1 a shows the HR diagram for stars in the Taurus

Auriga molecular cloud region, with stellar iuminosities and effective temperatures taken 

from Kenyon & Hartmann (1995). The great majority of the stars have ages near 1 Myr; 
approximately half are younger than this1 while only a fow stars have ages greater than 
3 Myr (see Fig 1 b). 

The group of stars near the 100 Myr isochrone (i.e., near the zero-age main sequence) 
were discovered through early Einstein X-ray surveys (Walter et al. 1988, and reforences 

tlmrein)~heBe-sta:i-s-wereJlrigulli!ly_suggested by Walter et al. (1988) as members of the 
missíng PTTSs populatíon. However, there is a striking gap infhe-HR-diagram-;-there-ar~e~~ 

very few stars filling in the age range between ~ 5 and 50 Myr. This gap makes it very 
unlikely that a single1 reasonably continuous star formation event is responsible for both 
the near-ZAMS stars and the young T Tauri stars. Furthermore, with such large ages it 
is difficult to connect these stars with the present Taurus molecular cloud. Walter et al. 
(1988) found age8 for thesc sta.rs ~ 30 Myr at a modest velocity dispersion of 2 km s-1 , 

typical of Taurus molecular gas. These stars can have traveled 60 pe from their birlh-sites 

during their lifetimesi 3 times the diameter of the Taurus molecular complex. 

The apparent coordination of star formation on relatively short timescales in Taurus 
(and other regions) has led to several efforts to identify hypothetical older stars that might 

be present but missed in previous objective prísm surveys dependent upan strong Ha: 
emis~íon. Herbig, Vrba, & Rydgren (1986) obtaíned objective prism data covering the 

Ca II H and K emission Unes, which are present in much older stars. Indeedi Herbig 
et al. (1986) identified severa} outlying members of the Hyades in their survey (see also 

Hartmann, Soderblom, & Stauffer 1987), but failed to identiíy any older PTTSs. Hartmann 
et al. (1991) and Gomez et al. (1992) used proper-motion surveys to try to select members 

of Taurus without regard to emission line properties; again, no substantially older stars 
were found, 
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FIGURA lfi.1: a) HR Diag1am for stars in tbe TH.urus-Auriga molecular cloud region, with evolutionary tracks 
froni D'Autona &: l\Iazzitdi (1994). Filled círclt•s denote the Classical T Tauri Stars (CTTSj. Open drde~ denote 
tlw \\'pak T Taurí St.ars (\VTTS). Tl11• gr!'at majority of stars bave ages of ~ 1 '.\Iyr, ami only a few st.ars haw 
a¡,,,·s ¡,.;r,•ah•r t.hau ~ 3 ;1,·!yr. Tlw group of stars nf.'ar the ..., 100 lllyr isochrone were discovPred with Einst.ein X-ray 
11hs1.•rvatiom; (\\"altn PI, al. 1988): X-ray dPtfc'r.ted sources in th(' region are generally older than 10 l\.Jyr (Brireüo 
t>t al. 1997). and ar,• líkely t.o he fidd stars. I,) Age histogram for thc stars in fig la. The single linc rkuot.,,s rht• dassirnl T-Tauri stars, and thl' rrossed Jinfc'~. thfc' weak T-Taurí stars. l\"otc that. the great majority nf »tllrs is 
bet.wen1 1 and 3 '.\Iyr. 

Jt has hcPn suggest:ed that reccnt X-ray i,nrvcys (c.g., \Valter et al. 1988: .'\Jeuhiimwr 
pt al. 1995; \Vidnnan11 et al. 1996) have discovercd tl1c missiu1; PTTSs. How1wer, t.lw 
a¡.,;cs of tlH' typical G aud c·arly K stars in these samplcs are uncertain. because ucither 
X-rny activit.y uor Li depletiou clcarly d.i,;criminate between 1 Myr-old T Tauri sta.rs and 
100 :VIyr-old star,;. It seem,; likdy t.hat most of these objects are 30-100 Myr-ol<l stars. 
givcu their 11111nbers and propcrtics (Briccño et al. 1997a). More recent measurenwuts of 
Li depletion (Martín & Magazzu 1998) aud limits on thc M star cornponcnt of t.he G-K 
ROSAT i;urvcy population (Bríceüo et al. 1997b: Briceño et al. 1999) support the idea 
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that most of the dispersed X-ray population is much older than 10 Myr. Indeed, it is 
difficult to explain the spatial distributions of these stars íf they are much younger. The 
dispersed X-ray sources are spread fairly uniformly over large distances ( up to 70 pe in 
projected distance from the center of Taurus); it would be very <lifficult to move stars 
from the present molecular regions this far at typical velocíty dispersions of ~ 2 km s-1 in 
anything less than about 30 Myr. Instead, it seems much more likely that these stars are 

mostly ~ 50 Myr-old objects that formed in a variety of individual regions whose molecular 
gas has by now dispersed (Fiegelson 1996). Whatever the exact age of the Einstein- and 
ROSAT-discovered young stars, they do not seem to represent the "missing'' stars in Taurus 
of ages 3-10 Myr. 

Another approach has been to consider whether the ages of the Taurus stars have 
been systematically underestimated. For example, the evolutionary tracks of Swenson et 
al. (1994) give ages for Taurus stars that would be several times larger than those of 
D'Antona & Mazzitelli (1994), which were used in Figure 15.1. However, as pointed out 
by Stauffer et al. (1995), if one modifies the calibrations of evolutionary tracks so that 
the calculations match the zero-age main sequence, most of the age discrepancy between 
those works disappears. Another possibility was raised by Hartmann & Kenyon (1990), 

who suggested that the effects of accretion might produce spurious age estimates, but more 
recent investigations (Hartmann, Cassen, & Kenyon 1997; Siess, Forestini, & Bertout 1997) 
indicate that T Tauri accretion has little effect, making the stars appear slightly older, not 
younger. One may also note (Mizuno et al. 1995) that most of the pre-main sequence 
stars in Taurus lie within 1-2 pe of dense molecular gas; at a velocity of 1-2 km s-1, this 

____ . su~ts that these stars have not been dispersing for more than 1-2 Myr from their natal 
material, in agreement with tne conventiurral-HR--diagram--a.ges.----- --~-________ _ 

Thus, all the Taurus observational constraints are consistent with a picture in which 

the molecular gas comes together and forms stars in :$ 3 Myr, so that few stars of ages 
3-10 Myr are expected. The widely-distriuuted X-ray sources mostly represent stars that, 
though relatively young, are generally substantially older than 10 Myr, and it is likely that 
their natal molecula.1' douds no longer exist. 

A general absence of PTTSs implies not only that clouds form stars rapidly, but that 
star-formation timescales are also relatively short. Since Taurus is still forming stars, its 
ultimate dispersaJ time is not known. However, studies of other regions such as Cha I 
and IC 348 (Lawson et al. 1996; Herbig 1998) provide relatívely little evidence for large 
populations of PTTSs, especially when older ROSAT sources are eliminated and mass~ 
dependent biases are eliminated.1 From the absence of known molecular cloud regions 
contaíning 10 Myr-old stars, it appears that the molecular gas may also disperse in a few 
Myr, a timescale consistent with the cluster survey results of Leisawitz, Bash, & Thaddeus 
(1989). In this picture many molecular clouds will not have substantial populations of 

PTTSs. 

1 Age estimates for cluster stars generally depend systematically on stellar mass, probably due to birth
line errors (i.e., uncertainty in the ínítial positíons of protostars in the HR díagram; Híllenbrand 1997; 
Hartmann 1999.) 
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15.3 Atomic and molecular gas: Maps and velocity-position 
diagrams 

The Taurus clouds are well-suited for understanding gas dynamics as well as the stellar 

population. The Taurus Molecular Cloud (TMC) is one of the most well-studied molecular 

clouds in the sky, with extensive H I and CO maps; it is one of the nearest clouds and 

lies well below the Galactic plane, making it easier to isolate the H I assocíated with the 

CO cloud fro1n the general rnaterial in the Galactic plane. Finally, the morphology and 

kinematics of TMC suggests adose relationship between the molecular and atomic gas 

(see PhD thesis and series of papers by Andersson (1993), and references therein). 

In the following discussion we make use of both H I and 1200 data. The 21 cm 

line data were taken from the Atlas of Galactíc Neutral Hydrogen (Hartmann & Burton 

1997) obtained with the 25 m Leiden/Dwingeloo telescope, while the 12CO molecular 

data have been taken from Ungerechts & Tha<lrlf~us (1987), obtaiued wit.h the Columbia 

millimC'tcr-wavc tidPsco¡w. Details of thc ohservatiom; ami analysis urny he found in i hr 

original pa¡}('rs. Ilc~n' WP note that both data sets ha.ve 0.5 dcgree spatial resolution, whích 

facilitatcs cowparison. The wlocity rnsolntio11 uf thc H l data is 1.03 km s- 1, sliglitly 

lown thau that of thi' CO data, 0.G5 krn s- 1 . Tn ovcrlap the 12 CO aud atomic nutp8, W<' 

trnm,forrni~<l thP molecular <lata set ¡original1y in {RA,DEC)) to Galac:tic coordinates {l. b) 

by triaugulating and re-sarnpling the tratH,formed data in a half degree re~olntion grid. Wc 
prest!nt hoth .srits of data extending from 140 to 201 degrees in Galactic longitude, and 

frorn -•14 to +17 in Galactic latitude {11otc that the original 12 Cü data dom, not cover the 

whole rang<'. Wr add :;-;eroi,; in the externa! region, iu order to match tbe H I and 12 CO 

data at largP sc.tb,). 

Fip;nre 15.2 shows a. velocity-í11tPgratcd map in 12 CO (isocontours) arnl H I (gray-sc..i.lt') 

for thf' vdocity rau¡1;e wlwn~ thc CO data has !icen obtaiued (-20.33 km ~-l :S i'LSH S 
29.1 km s- 1). T}H' straight lines iudicate the loci of thc cut.s al011g which the velocity

position diagrams :,;lwwu in Figure 15.3 .:tre m,ulr. Assnmiug au optically thin rnediurn. 

thr• H I intcnsity (in K km s- 1 ) cau be com:idcred as proportiona.l t.o the column density 

with a rnnvPn;iou factor of 1.8 x 1018 cm-2. The gray scale range iu Figure 15.2 corresponds 

to a ('.o!urnll density raug;c from ~ 2.5 x 1020 cm- 2 (darker pixels), to a frw times 1021 crn- 2 

(\vhite pixels). A colum11 deusit.y of 1(]21 nn- 2 . corrcspondiug to A\· ~ 0.5. ís :.;enernHy 

takcn to hC' rougbly tlw miuinmm colmun clew,íty ncecfod for sufficicut shieldiug of tlw UV 

radiatiou fidd to produc(• CO ( c.g .. Ehn~grecn l 9G3a). 
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FIGURA 15.2: Velocity integrated (from -20.3 to 29.08 km s- 1 ) large-scale map of antenna temperature far 
CO (contours, from Ungerechts & Thaddeus 1987) and HI (grayscale, from Hartma.nn & Burton 1997) data through 
Taurus, in uuits of K km s- 1 . Contours: 2, 4, 8, 16, 32, 64. The grey scale is indicated on the top. The whíte lines 
denote the places where the velocity-positíon diagrams have been made. 

In Figure 15.3 we present a set of six velocity-positkm diagrams for both the H 1 
and 12CO emission. The first two panels (cuts 1 and 2 in Fig. 15.2) are the velocíty
position diagrams for the region that formally is known as TMC, in which 1300 has been 
detected (see e.g. Kleiner & Dickman 1984; Mizuno et al. 1995; etc.). Figure 15.3 e (cut 
3) corresponds to the region associated with Perseus Arm, and shows a strong velocity 
gradieut, from ~ 8-10 km s-1 to ~ -2 km s-1. Figure 15.3 d (cut 4) corresponds to 
the northernmost region mapped by Ungerechts & Thaddeus (1987), In Figure 15.3 e 
( cut 5) we present a velocity~position diagram that covers a large region, going from high 
southern latitudes to clase to the Ga.Iactíc plane. Finally, in Figure 15.3 f ( cut 6) we 
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show the velocity-position diagram for the nearby cloud 11457. In particular, note from 
Figure 15.3d and e that at low Galactic latitudes the H I exhíbits a large velocity spread due 
to the detection of material at a wide range of distances in the Galactíc plane. However, 
once one moves out of the plane a suffi.cient distance (b < -10°), the H I velocity width 
becomes substantially smaller. The H I velocity peak is generally fairly clase to, although 
not identical with, the 12CO peak. This reflects the fact that the 12CO and H I emission 
are spatially and kinematically related, suggesting that they are produced as part of a 
single <lynamical complex (see, e,g., Blitz & Thaddeus 1980). 
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FIGURA 15.3: Velocíty-Position díagrams at the positions showed in fig. 15.2. Grey scale denotes the HI 
emission, and contours denote the 12 CO emission. The y-axis denotes the velodty.in km s- 1 ; the upper x-axis 
denotes the Galactic latitude, and the lower x-axis denotes Lhe Gal.-.ctic longitud?., both in degrees. Note the 
following general characteristics: a) wherever there is 12CO, HI is also found, with an approximate column density 
similar to that tequired by shielding. b} the converse is not true: not ali HI in this velocity system is associated 
with molecular gaz. c) at the same spatial position, the HI emission often does not peak at the same velocity than 
the 12 CO; frequently there is a shift of a few km s- 1 between the two species. d) the velocity widths in the HI 
spectra are larger than the 12CO spectra by a factor of roughly 3 or rnore. e) both the 12CO and HI line profiles 
are asymmetric, as indicated by the variation of gray•scale and contours. 

Ftorn Figure 15.3 the following features can be noted. First, wherever there is a 12co· 
feature, H I is also found, with an approximate column density similar to that required by 

shielding (see above). Second, the converse is not true: not all H I in this velocity system 
is associated with molecular gas. Third, ata given spatial position, the H I emission often 
<loes not peak at the same velocity than the 12CO; frequently there is an offset of a fow 
km s-1 between the two species. Fourth, velocity widths in the H I spectra are larger 
than the 12CO spectra by a factor of roughly 3 or more. Fifth, both the 12CO and H I 
line profiles are asymmetric, as indicated by the variation of gray-scale and contours in 
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Figure 15.3a-f. These characteristics have been noticed previously in other regions (see 

e.g., Blitz & Thaddeus 1980; Magnani et al. 1985; Elmegreen & Elmegreen 1987), and 

we shall focus on these properties when comparing with numerical simulations in the next 
section. 

15.4 Numerical Simulations 

15.4.1 The Model 

To intcrpret the significance of the observed features of the atomic and molecular gas enu

merated at the end of §15.3, we turn to numerical simulations of the interstellar medium 

by Passot, Vázquez-Semadeni, & Pouquet (1995 = PVP95a). These two-dimensional si

mulations represent the behavior of one square kiloparsec of the ISM centered at the solar 

galactocentric dístance. The simulations salve the MHD equations, including self-gravity, 

parameterized cooling and diffuse heating, the Coriolis force, large-scale shear, and pa

rameterized localized stellar energy input due to ionization heating. The parameterized 

cooling is as in Chiang & Bregman 1988), who fitted piecewise power laws to the stan

dard cooling cakulations of Dalgarno & McCray (1972) and Raymond et al. (1976, see 

Vázquez-Semadeni, Passot, & Pouquet 1996 = VPP96 for details). As discussed in VPP96, 

the cooling and diffuse heating time scales are in general much shorter than the dynamical 

timP scales, írnplying that tlw flow is always in therm,1J cquilibriurn, exccpt in thc viciuit.y 

of star forrnatiou sitcs. \Ve wfcr to the readcr to VPP9G for further details in tlw PCpiatious 

and tlw modd itself. aud to thc video accompaIJyiHg PVP95a, which gives an aniruatc,d 

vicw of the <lyuarnics of the ISM aml shows thc trnnsil~nt character of thc clouds2. 

Bc~cause thP preseut MHD símuhtiuus do not iucludc chcwistry, we adopt a picture 

in which ruolf'C'Ular clouds aw the •tips uf the icrbcrgs·' of thc dcnsíty fcatures in thf' 

simulatiom;. V•/e define a 'molecular' cloml as a connccted set of pixels with density abovc• 

sorne dcusity tbreshold /Jth• The selcction of this dcusity threshold is arbitrary, bnt it must 

lw a corupromise bctwccn rcalistic values for molcc11lar douds and the limitatious of thc 

simulatimu,. BecaUSl\ t he tleuscst aml smallest structurcs in thc simulatious rcach values 

p ~ 50 - 100 cm - 3 , wc· sdcct a dcusity thre8l10ld of 35 crn- 3 , unh~ss othcrwise st¡.¡,kd. For 

cornparison. typica1 nwan dcnsities in molecular clouds start at roughly 20 cm - 3 (c.g., I31ítz 

1 !J87). Iu particular, an average val He of lS crn-- 3 is rcported for the Rosette Molecular 

doud ( Williams rt al. 1!)05). 

For tlw a11aJvsis lwre. we nsc a nm prcsentPd ill V,lzqw~z-Scmadcni. Tiallcstcros-Pnrcdcs. 

& Hodríguc•z ( 1907) ca1lcd ruu 28.800. which has a rcsolutiou of 800 x 800 pixels. In order 

to ruimic as rnuc:h as possible thc c:ouditions in Tanrus. wc t.tirn off t.he star formation at 

f = G8.Ll :1\lyr ( 5.3 corle units). This allows 11s to rnaxirnizc thc density coutrasts, and to 

avoid the lwatiug frorn mas~ivc stars, which are uot preseut in Ta11rus. Thcu, we follow tite 
time cvolutio11 of a rdatively smEtll dond, which is localized far away from thc big cloud 

cornplexcs formed in thc sirnulations. 

2 SP~ also http://www.astroscu.unam.mx/turbulence/movies.html 
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The subregion of the simulation analyzed here has a mean density of (n) > 11 cm-3 , 

which corresponds to a mean column density of (N) > 3x 1021 cm-3 • This value is large 
enough to envision enough shielding to UV radiation to forro molecular hydrogen (see e.g. 
Franco & Cox 1986). 

15.4.2 Results 

In Figure 15.4 we show a time-sequence of a subsection of the whole simulation box, starting 

7.02 Myr after the time in which we turn off the star formation. The grey scale indicates the 
density field, ranging from 0.31 to 56.6 cm-3 in the field, and arrows denote the velocíty 
field in a reference frame moving with the cloud's center of mass. The snapshots are 
separated by dt = 0.39 Myr (0.03 time code units). The black isocontour is the region 
where the density values are higher than 35 cm-3• Note that the cloud is located where 
the velocity fi.eld converges, as required by the continuity equation. Also, one observes 
rapid growth (within less than 2 Myr) of a "cloud" above our density threshold, which 
approximately 20 pe in length (each pixel unit is 1.25 pe), comparable to the length of the 
main Taurus clouds. 

To show that the density features observed in the simulations are produced by the 
confluence of externa! large-scale strearns3 rather than other way around (e.g., the velocities 
being the consequence of, say, gravitational collapse of the cloud), we calculate the time 
evolution of both characteristic lengths and energies far the density features in Fig. 15.4. 
We select a connected set of pixels with densities equal or higher than the half value of 
the maximum density at each timestep to calculate properties for the "cloud", a choice 

-- ·-----motivated-by-t-he-facLthaLt.he maximum density_in the box is changíng substantially 
during the simulation (from ~ 16 to~ 60 cm-3). ----------- ---------

In Fig. 15.5 we display the evolution of two different. characteristic lengths: a) lx, the 
maximurn x-length of the cloud (salid Une); and b) lJ, the Jeans length (dotted line) 
calculated as 

l _ ,eff i r ,.,, 7rC~ ] 1/2 

J - .. Gp~--r.!I - ' 
(15.1) 

where '"feff is the e:ffective polytropic index in the sirnulations resulting from equiHbrium 
between the heating and cooling rates, c.¡ is the isothermal speed of sound, and Po is the 
mean densíty of the cloud (see VPP96 far details). The values of these lengths are denoted 
on the left-hand side y-axis. We also display the evolution of three different energies: a) the 
absolute value of the gravitational energy Egrav = -1/2 f pcpdV (Iong-dashed line)i where p 
is the density and </> is the gravitational potential; b) the kinetic energy in the frame of the 
cloud Ekin = 1/2 f v p(u - Umass)2dV (dot-short-dashed line), where u is the velocity field 
and Umru,s is the mass-weighted average velocity of the cloud; ande) the magnetic energy 
Emag = 1/871" fv B2dV (dot-long-dashed line), where B is the magnetic field strength. 
Note that in all the previous integrals, the volume element is dv = dxdy, because of the 
two-dimensíonal character of the sirnulations and thus ali the energies considered here are 

3 By Iarge-scale streams we refer to random motions whose scales are comparable wíth the scales of the 
observed structures. 
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strictly per unit length in the z-directiou. The values of tbe energies are denoted in the 

left-hand side of the y-axis. The x-axis runs from t = O, the time at which we turned off 

the star-formation in the simulations, to 15.2 Myrs after. 
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FIGURA 15.4: Tirnr) sequence of a sniall region of the sinmlation. \Ve show the d<:n8ity tielrJ (¡¡;rey scale), ranging 
frot11 p <: 0.31 nn-·3 (darkcr) top> 56 cm- 3 . ThC' label in the upper kft corner in ead1 panel is 1tw age in .\l,·r 
after tmning-off the si.ar formMion in the simulat.ion. 1\'ote that. material with n > 35 cm-3 (the "molecular cloud .. ) 
is formed in frw '.\Iyr l,y t he large-scale rnrnpres~ion. 

At t = O the Jeaus Icngth (dotted liue) is initiaily larger than thc x-length l:r (solid 

line) (thc differcnce was larger at earlier times). This comparisou snggests that. at l<iast 

iu this direr:tion .. the dcusity structure is not formed by gravitational collapse, We havL" 

ca.lculated also thi: Jeans-length for tlw whoie subregion (not showed herc), and find that 

it is again largcr than tlrn lcngth of the subregion size. Thesc rcsults suggcst that, evPn if 
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the region does 'feel' the action of the gravity at all times, it is Jeans stable initially, aud 
that the velocity field ís mostly the result of the global dynamics of the turbulent flow, 
not the central gravitational action. Note that, as a result of the global flow, the (2D) 
"filament" that first appears merges with another structure at t ~ 7.5 Myr (see Fig. 15.4). 
This results in the jump in properties seeu in Fig. 15.4, except far lJ, which depends on 
intensive quantities: the mean temperature and mean density. Independent of this merging, 
at this time lJ ~ l:r::, suggesting that now the growth of the cloud is mainly determined by 
the gravitational field. Note that the time of 7.5 Myr from the turn off of star formation to 
the equality of lJ and lx is rather arbitrary. On the other hand, what we consider the time 
for formation of the "molecular cloud)! is the roughly 2 Myr it takes from the time at which 
"molecular" gas first appears to the time at which the cloud reaches a size comparable to 
that of Taurus. 
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FIGURA 15.5: Time-evolution of the characteristic Iengths (left-hand side of the y-axis), and energies (right
hand side of the y-axis) for the region defined as a connected set of pixel$ with density equal or higher than 1/2 value 
of the density maxima at each timestep. Solid line, !.,, the maximum length in the x-direction; dotted-line, !J, the 
Jeans length as in eq. (15.1). Long-dashed line, absolute value of the gravitational energy; dot-short-dashed line, 
kinetic energy in the frame of the cloud, and dot-lang-da.shed line, magnetk energy. Note that initia1ly the doud is 
Jeans-stable, but after sorne time, it becomes Jeans-unstable. Also, note that the magnetic energy is two orders of 
magnitude lower than the gravitational energy, suggesting that there is no magnetic-flux problem, i.e., the cloud is 
supercritical. The strong jump in the extensive quantities at t ~ 8 Myr. is due to the merging of the filament with 
another density feature, as can be $een in Fig. 15.4. 

Concerning the time evolution of the energies, it can be seen that the absolute value 
of the gravitational energy (long-dashed line) is hígher than the magnetic energy (dot-
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long-dashed line) by at least two orders of magnitude. This indica.tes that the cloud is 
supercritical by a large margin. Furthermore, it can also be seen that the kinetic energy 

can not be an agent to stop the collapse: besides being smaller than IEgravl, the velocity 
field is convergent, implying that it is not working against gravity. 

Finally, we want to stress that the regían called the "molecular cloud" (black isocontour 

at Pth = 35 cm-3 in Figure 15.4) appears at roughly the same time in which the region 

has similar physical and Jeans lengths, i.e., lx ~ lJ, indicatíng that the value selected of 
35 cm-3 is reasonably indicative of tbe time at wbich the cloud becomes self-gravitating. 

As a corolary of the fact that the velocity field is not due to the gravitational potential of 
the doud, self-gravitating clouds like that shown in Figure 15.4 can therefore be produced 
by the turbulent velocity field, out of an initía.lly stable m.edimn. How fast these "molecular 
clouds" can be produced by the general turbulence must depend on how much mass the 
streams are carrying, how strong the compression is, the rate of cooling of the compressed 
(shocked) region, the geometry of the compression, etc. For example, the diffuse structure 
that it is present when we turned off the star formatíon spends ~ 7 Myr to become self 

gravitant. Nevertheless, Figure 15.4 shows that in the simulations, self-gravitating struc

tures of 10-20 pe can be coherently formed within a few Myr by this mechanism. Since 
the densities and velocities in the simulations are realistic, this is a plausible mechanism 
for molecular cloud formation in the ISM. 

15.4.3 Comparison with Observations 

In ordC'r to te1,t how tlw simulations compare with ohscrvations, wc construd ''spC'ctra" 

for both tlw densest regions (p 2'. Pth, which we r:all "molecnlar doud") and for the low

dern,ity regiom; (p < Pth• which wc call '·atomic clouds"). Thoi-;e spectra are co11structcd 

a/i tlw mass-weíghtcd velocity (:r-componeut) histograms, mimickíng tlw emission of an 

optically thiu Iiue obsr~rvcd from the left. hand side of the box, with a spatíal resolution of 

1.2,'j p<: (1 pixd). an<l an ideal telescope. With this approximation. we are implying that 

thc observiid 12CO and H I liue profiics are good representat.ions of the (mass-weighted) 

lim· of sight-vclocity fidd. Also, we are assnming that the 12 CO and H I emission do not 

COPXÍ8t, wbich is not uecessarily true. 

With those i;pectra (mass-weighted velocity hi8togrn.1ns) it is possible to construct a 

velodty-position diagram, and compare ít with those in Fig 15.3. Fignrc 15.6 is thc co

rresponding; velocity-positíon diagram for thc cloud and its snrroundiug rnedium shown in 
t.lw hot.t.<m1 right panncl of Figure 15.4. 'lv'<~ emphasiie severa! points of shnilarity betwecu 

this syntlwtic positíou-vclocity rliagram and the observa.tíous (sec figure 15.3). Fin,t. tlw 

syntlwtic CO cmission is always locaterl within a rcgiou of stroug synthetic H I emisiúou: 

SCC(HHL therP are regions where synthetic H J crnission is present. but when· synthetic 12CO 

enlii;flion Ífl not: t.hird. t.he rnaxinmm of thc high-dcusity emission <loes not necessarily coin
cide with maxhunm of t,hc low-dcnsity cmíssion; fourth, thc vclocity dispersion is higher 

for the syuthctíc H I cmission than frou1 thc synthetic 12 CO emíssion, and thc velocity dis

pcrsicms of both the 1ow- aun. iu thc hígh-deusity gas ,;emission'' havc similar linc-widths to 

those of the observational data. Fifth, both the 12CO and H I line profiles are asyrnmetric. 

155 



Parte III Formación de Nubes §15 Artículo: Turbulent Flow-Driven ... 

Finally, as in the case of Taurus, the filament is almost coherent in velocity dispersion, 
Le., it has approximately the same velocity dispersion throughout its full extension, with 
values ~2 km s- 1 along 10-20 parsecs. We will discuss this in §15.5.1. 
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FIGURA 15.6: Synthetic Velocity-Position diagram far the cloud in panel 15.4í. As in fig. 15~3~;rey ~~ 
denotes the "HI emission", and contours denotes the "emission" coming from the ''molecular cloud". Note that the 
same characteristics observed in the observational position-velocity diagrams are r!lproduced also here. 

15.5 Discussion 

15.5.1 Evidence for Turbulent Compressions 

It is frequently assumed that the ISM is permeated by small-scale non-thermal motions 
that rnaintain clouds in a stationary state. Collapse is prevented by those motions, and 

the role of the externa! "intercloud'' medium is only as an agent for (thermal) pressure 

confinernent and as a shielding for the UV radiation. However, the external medíum also 

exerts a dynamical influence on the cloud, compressing and/or dismpting it (Hunter 1979; 
Hunter & Fleck 1982; Hunter et al. 1986; Tohlíne et al. 1988; VPP96; Ballesteros-Paredes 
et al. 1999a). In this sense, the fragmented appearance of clouds and the existence of 
multiple velodty components observed at high velocity resolution suggest that the cloud's 
internal velocity field possesses a disordered or turbulent component at scales comparable 

with the scales of the clouds. If molecular clouds are embedded in an intercloud mediurn of 
atomic hydrogen (see Andersson 1993 and references therein), and if the intercloud medium 

is highly turbulent (sec e.g. Braun 1999), it is plausible that molecular clouds and their 
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surrounding gas are in a dynamical state. 

Based on refinements of the ISM simulations by PVP95a, Ballesteros-Paredes et al. 

1999a consider the turbulent pressure at cloud "boundaries". They show that this boundary 

pressure is generally anisotropic, which distorts the cloud because the energy involved 

is generally comparable to the internal cloud kínetic energy. In their picture, turbulent 

motions are not only responsible for cloud support, as is widely accepted: they may also 

be responsible, through the large-scale modes of the externa} turbulence, for shaping and 

compressíng the cloud, possíbly even initíating collapse. 

In §15.3 we have shown that line~profiles are asymmetric and show important substruc

ture, features that have been increasingly noticed in high spectral and spatial resolution 

observations ( e.g., Falgarone et al. 1998). These features have been proposed as indicative 

of large-scale turbulent motions, which may be shaping, distorting and disrupting the cloud 
(Ballesteros-Paredes et al. 1999a). 

According to the scenario presented here, tbe features of the observational data, which 

are also reproduced in the simulations, may be interpreted as follows. First, because 

collisions between H I streams produce the higher density gas ( and for reasons of shíelding), 

there should always be H I spatially correlated with molecular gas. Second, the larger 

velocity dispersion of the H I gas ís interpreted as a consequence of its larger spatial 

extension, and of the compression (shocks) and consequent kinetic energy dissipatíon that 

occur when the H I streams collíde to form the doud. Finally, because it is the convergence 
of macro-turbulent H I streams th,i.t. pro<lnce the high-dcnéty mí\t.crial, t.hc H I linc profiles 

shonlci he asyumwtríc awl frcqueutly shifted in vPlocity with n~sped to thc mo1Pcu1ar gas4. 

Thus, thc breadth and asyumH~try of the H I line JJrofiles iudirnte a macroscopically

tnr bulent mcdiuru in w liid1 cloucls f~xchaugc rnass, nw111entur11 and crwrgy with their su

rrouudiugs. NotP that tlw pict ure ontlined herc does uot wquire a cohen~ut or siugll' 

triggt~rinµ; f'Vcnt in which atomir gas pushes molecul;tr gas tog<,tlwr a,.<; in a SN explosion. 

Our sumario is more generaL rcflccting statistírnl tluctnatiom, resulting from tlw cornbined 

dfrcts of diffrring sitcs. 

Hecognition of these foatures is not ncw. The corrcspowicncc hctween H I all(! CO 

in position-vdodty diagranrn has already lwen noted by severa! anthors (e.g. Blitz & 

ThadriPns Hl80: Elmegref~n & Elmegrcen 1987; sce a.lso Dlitz. 1987: and rcfercnces t.hereiu). 

Audcn;sou {1993 arnl refürenees thercin). who obscrverl thc spatial transition bctwcen 1111;

kcular and atomk gas in 62 edges in 14 c1onds. founcl all five obHcrvational featur('.8 that 

we dcscrilwd at the eud of ~15.3 and §15.4.3. Moriarty-Schieveu. Audersson & Wamücr 

(1997) HUgp;(istcd that then' is nwrphological cviclence that tiearby douds (L 1437, set' cut 

G iu Fip,!".. 15.2 and 15.3 f) havf' suffored cmnpres:.,ions at scalcs similar to tbe scalcs of thf' 

clourl. Tlw:·ll' ,rnthors proposed au unobscrved S:-J cxplosion as a possiblc mec:hanism of 

~~oH• that in ;1 la.minar 2-strl';ml ,o\lision produdng a slmck-bounded slab. the opti,allv thin line-ptofü<' 

frum tbP ·extnnal' nwdium urnst be a douhle-¡waked line, at vdodties ~u aml +e wherf' 2c is the v!'locit_v 

Llifü,n'n(T lwtwe1'n the streams. On the other hawL the line-profüp fron1 the cornpressed rPgion rnust lw 

a sinp,l<•-µeak lit1e ;1t wro velocity. Nevnthdess. in a turbulent medium. whkh adds strong ftuctuat.ious 

oi1 top of the laminar velocity and rien~ity stru,tun•. tlw doubk·-peak wight becomP a single, broader lirn• 
profile envelopinµ; the narrowpr line that ,omPs from t.he r:ornpre~sl:'d region. 
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producing this morphology. However, the observed morphology ís hard to reconcile with a 
single point source of compression, while it is fully consistent with our scenario. Further
more, the existence of multi-peak, asymmetric line-profiles at all scales (for larger scales, 
see e.g., Mizuno et al. 1995; for smaller scales, see e.g., Falgarone et al. 1998) strongly 
suggests the multí-scale nature of the turbulent motions (Ballesteros-Paredes et al. 1999a). 
Finally, the velocity-dispersion coherence along large structures have already seen before 
both in low-mass douds (Taurus, Mizuno et al. 1995) as well as in high mass clouds (W51, 
Carpenter & Sanders 1998). 

15.5.2 Limitations of the Model 

One of the most important limitations of these simulations is that the cooling laws and the 
avaílable resolution limit the simulations to densities ;S 100 cm-3 , so that the evolution 
of higher-density (i02 or more) structures cannot be followed. This is important, because 
molecular gas probably cannot be formed sufficiently rapidly within our density range. 
Characteristic H2 formation rate on grains are of the order of ,,.-1 ~ nR, where n is the 
density of atomic hydrogen and R, the rate coeffi.cient, has typical values of the order of 3 
x 10-17 cm3 seg-1 (Jura 1975). Then, the typical H 2 formation timescales are given by 

(15.2) 

Thus, at our threshold density of 35 cm-3, the H2 formation timescale is 30 Myr, uncom
fortably long. 

Thelow valu-es-ofthe-density-reached-in-the simulatíons~clm,1.ds are conseq!!_enc~~f !!1~-
spatial resolution and the mass diffusion, which smooths the strong density gradients ( see 
e.g., Vázquez-Semadeni, Ballesteros-Paredes & Rodríguez 1997). Nevertheless, we envisage 
that the clouds simulated here would really collapse to structures of much higher density 
in even shorter times (for example, at n ~ 100 cm-3, the free-fall time is approximately 
3 Myr), given the strength of the external fiows, if we were to use higher spatial resolution. 
In this way our "molecular gas" above the threshold density merely indicateR the approxi
mate locatíon and velocíty of the·hígher-density material that would be formed within it. 
In the real interstellar gas, there is no barrier to compressing gas in the cloud to typical 
Taurus dcnsitics of the order of 103 cm-3 so that the molecular gas could be produced as 
rapidly as the dynamical compression occurs. 

On the other hand, regions that we identify with molecular gas are not really isothcrmal 
in the simulations, but this is not a reason for concern, since we are not dealing with the 
interna! structure of these douds, which are at the limit of the resolution anyway. 

Another li.mitation of the simulations is that they are two-dimensional calculations 
that assume no variation of properties perpendicular to the Galactic plane. while colUding 
streams in two dimensions produce filaments, in tliree dimensions they may produce sheets. 
Neverthelles, the most probable situation in one in which the colliding streams are obligue, 
such that the compressed region becomes a filament aga.in. Also, inhomogeneities in the 
physical properties of the streams ( density, temperature, etc.) and a set of instabilities that 
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are produced when streams are colliding may destroy the possible appearance of the sheet. 

Furthermore, the structure in 3D simulations is still strongly filamentary (see e.g., Ostriker 

et al. 1999; Padoan & Nordlund 1999; Mac Low 1999; Pichardo et al. 1999). Ballesteros

Paredes et al. 1999a discuss other possible differences of 2D and 3D simulations. 

Thirdly, the energy input into the ISM is assumed to be from hígh mass star formation, 

which seems to be of little relevance to low-mass star forming regions like Taurus. However, 

the only role of the energy input in the present situation is to produce large-scale flows and 

turbulence which in turn produce the "molecular cloud"; since the predicted motions agree 

quite well with the H I data, our approach is justified. Moreover, since the stellar energy 

input is turned off to follow cloud formation, disruption by local high-mass stars is not an 

issue. 

It should be emphasized that while we are considering the simulations with a view 

toward understanding the Taurus region, we are not attempting to model the complex 

in detail, because turbulent flows exhibit a chaotic behavior, i.e., the time histories of 

arbitrarily clase ínitial conditions diverge exponentially and end up completely different 

(e.g. Lessieur 1990). Instead, they are expected to reproduce the dynamical relationship 

between H I flows and molecular gas only in a statistical sense 

15.6 Summary 

In this paper we have used H I and 12CO data to show that the dynarnical features observed 

through Taurus can he iutc•rpretcd as largc-scale co1r1pn!ssío11s of the atomic gas producing 

t.he molecular gas in timescales of fow Myr. Also, we followed the cvolntion of a sma11 píen' 

of a two dínwnsioual m1rnerical IvIHD sinmlation to show how large-scalc turlrnlcnce is abk' 

to induce tlw formation of Taurus-siz.cd regiom; within a few Myr. while ruaking thcm sPlf 

gravitating in the procest-,. 

With this picture iu rnind, we suggt!St that the Taurus molecular cloud may have formed 

quite rccently ( ~ 3 IVIyr ago ). This would sol ve thc post T-Tanri problem, suggesting that 

the vcry fow stars with ages between 5 aml 10 Myr in tlic regio11 might be field stars. W0 

also suggest that tlw g<~ueral largc-scalc intcrstcllar tnrhulencc (in H I) is the rncchanisrn 

n'sµonsihle for triggcring coherent collapse in regiom, tlrnt apparently are dyuarnica.Hy 

disc 0111H'C ted. 

Iu this paJH~r wc have only co11sirlcred the timescalc of cloml fonnatiou, uot the timcscalf, 

of db:.rnptiou or dissipatiou. Even with a rapid formation time, if cloucls Iive for 10 J'vlyr or 

more, at least smnP complcxcs shonld havc~ PTTSs. Thus. our iuvcstigat.ion only addresses 

ouc'·lialf of tlw more general post-T Tanri problcm. \Ve intewl to explore the ratc of clouc1 

disruptiou and dissipation in a fotun' coutrihutíou. 
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Capítulo 16 

Conclusiones 

La presente tesis ha tenido por objeto el estudio de las propiedades físicas y estadísticas 

de las nubes en simulaciones numéricas del medio interestelar producidas por Vázquez

Semadeni et al. (1995a; 1996), Passot et al. (1995), y Vázquez-Semadeni, Ballesteros

Paredes, & Rodríguez (1997). Estas propiedades son el balance energético, el cálculo 

detallado del Teorema Virial en su forma euleriana1 las relaciones de escala (relaciones 

de Larson, espectro de rnasas1 y la dimensión fractal), y los mecanismos de formación de 

nubes en un régimen turbulento. En dichas simulaciones las nubes se forman de manera 

espontánea, es decir, no se imponen condicionf!s ad hoc para sí1uular las nubes. Debido a 

qnc' las funciones de cnfrian1iento y calentarnicuto corn,ideradas no implican la existencia de 

una izw¡,;tabilidad tfrmíca. las uubcs dti las simulaciones pueden terwr su origen solanwntP 

en la turbulm1cia o cn la iuestahilídad gravitacioual. Por ello, se i)l]p]emcut(J un algoritmo 

capa:t. (k ideutificar a las unht-~s como coujuutos coucxos de ¡mnt.os con densidades por 

<'ncima de un umbral predeterminado. 

A lo largo del presentt~ trabajo dos ülcrneutos han estado presentes. Por un lado. la 

iwportancia de la turhuleucia. interestelar corno un fenómeno rnulticscala, ya que en la 

literatura astronómica usualmente ht turbu1cmcia ha sitio descrita como uu fonómcuo cx

dtrnivarnc11t.e a peqneú,-1, escala. Por otra parte, hemos íntcntado hacer uua continua com

pararión entw los n'irnltado.~ obteniclrm cou las sinmlaciones mm1(~ricas y las observaciones 

n•pnrtarlas PIJ la literatura. 

D(' esta manera. hjcimos prinwrarneute nu n~smnen de Jrn,; modelos más importantes del 

medio intt•rcstelar global, así como de los mecanismos de forrnaci(m de nubes. Pnstcrior

nH'tlt(' hicimos uu análisis crítico del Teorema Virial eu su forma lagrangiana. mencionando 

lm; result.ados Jllás comúurncnte cita.dos y recalcando las focrü~s hipótesis tau to g_cornNricas 

t·omo físicas involucradas, así romo la posible relevancia de estos auálísis en los mecétllÍH

rnos de· fom1ad(m estelas. Hnnos tarnbi{~u discutido el teorf'rua virial cnleriauo. el cual ha 

sido poco estudiado y. creernos, ha sido tratado erróneamcute en la literatura (0.IcKec & 
Zweibcl 1092). Bajo la óptica de esta versión E·ulcriarm. Iwmo8 dado mm cval11ació11 de 

los téTmínos involucrados para las mtbes cu simulaciones uumérícas. en particular. en el 

caso ck uu medio turbulento. Los resultados wás importantes al rr:&pccto han sido que. 

si bicu las nul1e:; generadas están en una aproximada eqniparticióu de emergías, no están 
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en equilibrio virial. Por el contrario, los términos que involucran derivadas temporales son 
los dominantes, cuantificando la impresión visual que se obtiene de observar la evolución 
temporal de las simulaciones: que el medi~ interestelar es un medio dinámico, en el cual las 
estructuras de densidad (nubes) se forman, deforman, transforman y destruyen de manera 
continua. 

Así mjsmo, hemos estudiado las relaciones de escala para las nubes formadas en las 
simulaciones. En particular, se discutieron las relaciones de Larson, el espectro de masas, 
y la dimensión fractal. Hemos encontrado que para las nubes en estas simulaciones, la 
relación dispersión de velocidades vs. tamaño obtenida observacionalmente por Larson 
{ 1981) se confirma, aunque con una fuerte dispersión. También se confirma el espectro de 
masas observado, así como la dimensión fractal (ver Falgarone et al. 1991; Blitz 1993). Sin 
embargo} la relación densidad promedio vs. tamaño (Larson 1981) no se confirma, ya que es 
posible encontrar siempre estructuras pequeñas de baja densidad promedio. Atribuimos su 
no detección a que podrían pasar desapercibidas observacionalmente dadas las limitaciones 
de sensitividad de los censos observacionales. 

En las simulaciones, las estructuras de densidad a escalas medianas y pequeñas son 
producidas por la advección (transporte) de masa del campo (compresíble} turbulento, y 

por lo tanto, son en general transitorias. Las nubes más grandes (complejos) se forman 
por inestabilidad gravitacional, ayudada por el enfriamiento. De esta manera, las nubes 
pueden estar afectadas no solo por su turbulencia interna, como tradicionalmente ha sido 
sugerido, sino también por la turbulencia global, a todas las escalas, del medio interestelar. 
Estos movimientos turbulentos son capaces, en principio, de formar, deformar, inducir el 
cola so gravitacional o bien romper las nubes. En particular, encontramos que para un 
gas efectivamente barotrópico 1~75cp"Yeff-)1 el--colapso-gia.vitacionaL.desatado por_~~ 
turbulencia no puede ser detenido a menos que el índice barotrópico l'eff cambie durante el 
proceso, lo cual puede ocurrir solamente hasta que se alcancen densidades protoestelares, 
si se considera únicamente la contribución térmica. a la presión. Este resultado sugiere que 
es difícil formar núcleos cuasí-hidrostáticos dentro de un medio turbulento. 

Así mismo, encontramos que el campo magnético puede ser significativamente defor
mado por el campo de velocidades, produciendo dobleces de ia.s líneas de campo, y que 
aparentemente no existe una restricción muy severa a los movimientos en el interior de las 
nubes) ya que las velocidades pueden ser sub- o supersónicas, y sub- o superalfvénicas. 

Una pregunta importante es que "si el medio interestelar es demasiado turbulento, 
entonces podría no haber tiempo suficiente para formar estrellas" (L. F. Rodríguez, co
municación privada). En efecto, el paradigma de la formación estelar (en particular, de 
estrellas de baja masa) es que este proceso es lento (e.g., Shu, Adams & Lizano 1987). Sin 
embargo, existe en la literatura un problema relacionado con las escalas de tiempo de la 
formación de estrellas de baja masa (el problema post-T Tauri): la región de Tauro, una 
de las nubes moleculares más cercanas al Sol, aparentemente no posee estrellas con edades 
mayores a 3 millones de años. Cabe entonces la posibilidad de que las nubes interestelares 
(o al menos Tauro) se formen en escalas de tiempo de ese orden, significativamente me
nores que las escalas consideradas tradicionalmente ( algunas veces 107 años), mediante la 
confluencia de flujos turbulentos a gran escala. De esta manera, el proceso de formación 
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estelar puede ser de 3 a 10 veces más rápido que lo que señala el paradigma. Con esta idea, 

usando datos de H I y 12CO, tomados de Hartmann & Burton (1997) y de Ungerechts & 
Thaddeus (1987) respectivamente, estudiamos el campo de velocidades hacia la región de 

Tauro, encontrando que las características observacionales ( distribución del gas en el espa

cio posición-velocidad) son consistentes con el esquema de rápida formación de estructuras 

mediante la convergencia de flujos turbulentos a gran escala presente en las simulaciones, 

dando una posible solución al problema post-T Tauri. 

Los resultados de la presente tesis tienen una serie de derivaciones e implicaciones que 

será necesario evaluar en trabajos posteriores. La primera es si nuestros resultados se apli

can al régimen de nubes moleculares, de escalas de tamaño menores y densidades mayores 

que las que hemos considerado, y en donde la auto-gravedad podría mantener la identidad 

de las regiones más densas (núcleos) durante escalas de tiempo mayores, implicando en

tonces los núcleos densos estarían cerca del estado de equilibrio virial. Así mismo, en caso 

de existir estos núcleos cuasi-estáticos, será importante estudiar en detalle la contribución 

de la presión magnética turbulenta a su soporte. 

La segunda implicación está relacionada con la escala de tiempo de vida de las nubes: 
tradicionalmente se ha considerado que, dado que la tasa de formación estelar es muy baja, 

las nubes no están en colapso generalizado. Esto sugiere que, sí las nubes son longevas, 

entonces deben estar sostenidas contra su propia gravedad mediante algún mecanismo de 

soporte. Dos mecanismos han sido propuestos para ésto: la inyección continua de energía 

y momento debida a la formación estelar (Norman & Silk 1980), y la posihle existencia cfo 

ntmJHJS ruagu(•ticos inteusos, capaces de reducir la disipación de la turhulcncía e impidiendo 

d colapso gravitacional1 (Arous & Max 1!)75). 

Sin embargo. cxistPn sngcreucias tanto observacionales como t.e6ricas chi que las 11nh1\o.; 

un son ta11 longevas. Del lado observacional, se ha encontrado q11c la formación estcla.r Ht' 

da cu escalas de tiempo cortas, del orden de un millón de años. tanto en regiones <le alta 

masa (Hillenbrawl 1997) como eu regiones de baja masa (Hartrnaun et al. 1991). Del lado 

teórico. Himulaciones numéricas en uu rógimen iwtérmico y densidades del orden de 103 

cm- 3 indican que la turbulencia se disipa en cscala8 de tiempo comparables con el tiempo 

de caída libre de la nube (Ostrikcr et al. 1999; Mac Low 1999; Padoan & Nordhmd 1999). 

Cna posible solución cinc compaginaría tanto la baja eficiencia de formación estelar 

como ('Scalas cortas ele formación de nubes y estrella.., cortas podría estar dada por l'l 

mecanismo de formación de nuhcs propuesto en el presente trabajo: si las nubes se forman 

por la confiuencia de flujos (en general oblicuos) de las escalas externas a la nube, existe 
la posibilidad de que la com¡Hmente tangencial de la vdocídad sea capaz de desgarrar a la 

nulir• eu tiewpos menores qrn~ e\ de caída libre. De esta. nrn,m·ra el 11ie1·anis1no de fornuu•i(ni 

di' Pst.ructura.s será. a sn vez. d responsable (al menos parcialm1mte) de la destrucción de 

óstas. 
Es importante mcuciom\r que esta sug;ercncia parece ir en contra del resultado de Li:orat 

C't al. (1990) de que el forzamiento turbulento en las escalas mayores a la longitud de Jeans 

no es capaz de i11híbir el colapso en las escalas menores. Sín embargo. estos autores de 

1 :\"útese. sin embarp;o. que esta segunda propuesta no Il('Cesariaun•tltC' evita el rolapso gravitaóonal 

( Gazol &: Passot HJ!)!)) 
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hecho prueban solamente que a fin de asegurar que no hay colapso, uno debe forzar a 
escalas pequeñas, pero no excluye la posibilidad de que el forzamiento a gran escala puede 
tener el doble efecto de producir algunas estructuras densas y romper otras. De hecho, 
planeamos probar nuestra sugerencia considerando la geometría particular de una colisión 
oblicua, a fin de incluir el efecto simultáneo de los modos compresibles e incompresibles. 
De esta manera, el mismo mecanismo responsable de la formación de nubes puede ser el 
responsable de su destrucción. 

Así, con la idea de estudiar los mecanismos de formación de las nubes moleculares, 
sus tiempos de vida, los mecanismos de destrucción de éstas, así como la formación de 
estructuras más densas, hemos planeado realizar a futuro nuevas simulaciones numéricas, 
donde se consideren simultáneamente todos los agentes físicos mencionados previamente 
de manera autoconsistente, en escalas de entre 0.05 y 50 pe, y continuar en ellas el tipo de 
análisis que se ha realizado en esta tesis. Esperamos así determinar si el medio interestelar 
es verdaderamente autosimilar en un amplio intervalo de escalas, y en caso afirmativo, 
cuándo la autosimilarídad acaba por efectos de disipación y gravedad, para finalmente 
formar estrellas. 
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Capítulo 17 

Conclusions 

The present thesis has focused on the study of the physical and statistical properties of 

clouds in numerical símulations of the ínterstellar medium produced by Vázquez-Semadeni 

et al. (1995a; 1996), Passot et al. (1995), and Vá.zquez-Semadeni, Ballesteros-Paredes, & 

Rodríguez (1997). These properties are the energy budget, the detailed calculatíon of the 

Virial Theorern in its Eulerian form, scaling relationships (Larson relations, mass spectrum 

and fractal dimension), and the cloud formation mechanisms in the turbulent regime. In 

those simulatíons, the douds are formed spontaneously, Le.; no ad hoc condítíons are 

imposed to simulat(~ tll<' dolHhi. Bcrnm,e the cooling and heating functions considered 

in the :-;imulations do uot im ply tlw existence of a tlwrmal instability. the doud;; i1i tlw 

siwulations can 1w produccd only hy thc turhnknce or by grnvitatioual im,t.ahiUty. Tlwu. 

W(' implemented an al~orithm ahlc to irlcutify tlie clouds as comwctcd sets of pixels witli 

(kusitiPs hig;hc~r than a predeterruined threshol<l. 

T1uoug-hont t he pn~cut work two fmulanwnt;-i1 ideas havP beeu pwsent.. Fir:-;t .. thP 

importancP of inten;tellar turhulencc as a multiscalc phenonwnon, contrary to the frc4uent 

assumption that thr turbnleucc is a srnall scale phenomenon. Sc~cond, wc have continually 

tried to ma.ke cowparisons hctw<~cn thc re:rnlts frorn thP numcrical simulatious and tl1r 

observationa1 data frorn tlie liternture. 

Thus. we firnt 1nade a bricf snnnuary of the most important models of the iuterstellar 

rnPdinm. as wdl as the cloud fonnation mechauisms. Afterwards. we did a, critica! analysis 

of t lw Virial Tlworern ill i ts LR.graugian forni, mentioning the nwst freq1wntly used results 

arnl stwssing t1w stroug gcmetric and physical hypothesis involw~d. and the possiblP l'l-'

kv,UtcP of thosc analysis on star fort1ti\tion rnechanisms. \-Ve also discuss('d tlie Enleriar1 

Virial Th(·orem {VT). whid1 has be1•u less freqlleHt1y cousirlcrcd ;uHl. wc bclievc. ha;; hePu 

trcatcd q1H'stionaHy in tlll~ literntun~ (NleKce & Zweibd 1992). Und(~r thc scopP of tlH> 

Euleriau version. we have r~valuated al! t.hc tt'rms involwd in thc VT for donds in mmw-

ric.:tl siumlatíons of tlte turhulent ISM. The rnost important n·sults are that, cvtm though 

tlw clouds are in ¡u1 ?iJlproximate c1wrg;y eqnipartitíon. they are not in virial cqnilibrium. 

lm;tea,d. thc (hnníuant t(•nm; are t.hosP involving time rkrivatives. qnantifyiug tlw visual 

irnprcssion from the oliscrvation of thc temporal (•volution of thc sbnulatiorn, that tlw iti-

terste1lar medium is very dynamic. iu which thP dc,nsity structures are formed, deformed. 
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transformed and destroyed continuously. 

We then studied the scaling relatíons for the clouds formed in the simulations. In 
particular, we discussed the Larson relations, the mass spectrum and the fractal dimension. 
We found that the velocity dispersion-size relation encountered observationally by Larson 
(1981) is confirmed, but with very large scatter. The observed mass spectrum and the 
fractal dimension are reproduced (see Falgarone et aL 1991; Blitz 1993). However, the 
mean density-size relationship (Larson 1981) is not confirmed; instead, it is always possible 
to find small structures wíth low mean density. These are difficult to detect due to the 
sensitivity limitations of the observational surveys. 

In the simulations, the density structures at small and intermediate scales are produced 
by the mass advection of turbulent and compressible field, and thus, they are transient in 
general. The largest clouds (complexes) are formed by gravitational instability, with the 
help of the cooling. Therefore, clouds can be affocted not only by their own ínternal 
turbulence, as traditionally has been suggested, but also by the global turbulence, at all 
scales, of the interstellar medium. These movements are able, in principle, to form, deform, 
induce gravitational collapse, or even disrupt the clouds. In particular, we found that, for an 
effective barotropic gas (i.e., P ex: p'Yetr), the gravitational collapw triggered by turbulence 
cann9t be stopped unless the barotropic index reff changes ín the process. This only occurs 
until protostellar densities are reached, if only the thermal contribution to the pressure is 
considered. This result suggest that it is difficult to form qua.'li-hydrostatic cores in the 
turbulent medium. 

Also, we found that the magnetic field can be deformed significantly by the velocity field, 
producing reversals of the field Unes, and that apparently there is not a severe restriction____ .. 
to the movements insitle...the..Glouds,because~the velocities aretrans-Alfvénic in general. 

An important question is that "if the interstellar medium is very turbulent, then there 
may not be enough time to form stars" (L. F. Rodríguez, prívate communication). In 
fact, the paradigm of the star formation (in particular, of low mass stars), is that this 
process is slow (e.g., Shu1 Adams & Lizano 1987). In fact, there exists in the literature a 
problem related with the tímescales of low-mass star forrnation ( the so-cal1ed "post-T Tauri 
probh'\rn"): the Tu.urus n1ulecuiar doud, one of the douds nearest to the Sun, apparently 
does not contain stars with ages larger than 3 million years. This apparent paradox may 
be resolved if interstellar clouds (or at least Taurus) are forrned by the confluence of 
large-scale turbulent streams in timescales of that order, which are significantly lower 
than the timescales most frequently considered (a few times 107 years). In this way, the 
process of star formation can be 3 to 10 times faster than prevíously thought. To test this 
scenario we studied the velocity field through the Taurus region1 using H I and 1200 data 
(from Hartmann & Burton (1997) and Ungerechts & Thaddeus (1987) respectively). We 
found that the gas' distribution in position-velocity space is consistent with the scheme of 
rapid cloud formation by the confluence of large-scale turbulent streams suggested by the 
simulations 1 thus offering a possible solution to the post-T Tauri problem. 

The results of the present Thesis have a,number of implications, which we will evaluate 
in future work. The first one is whetber our results extend to the molecular cloud regime, 
which ínvolves smaller sízes and higher densities, and in which self-gravity can mantain 
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the ídentity of the densest regions (cores) over longer tímescales, so that the cores can be 

closer to virial equilibrium. Also, if such quasi-static cores do form in the simulations, it 

will be important to study in detail the contribution of the magnetic turbulent pressure to 
their support. 

The second implication is related with the lifetimes of clouds. It has been traditionally 

considered that the low star formation rate in clouds is a sign that they are not in a 
generalized collapse, and are thus long-lived. This implies that they have to be supported 

against their self-gravity thorugh some mechanism. Two mechanisms have been proposed 

for this: the continuous energy and momentum injection from stars (Norman & Silk 1980), 

and the possible existence of stroug magnetic fields which could reduce the dissipation of 

turbulence, and help supporting the cloud against collapse1 (Arons & Max 1975). 

However, there are both observational and theoretical suggestions that the clouds are 

not so long-lived. From the observational point of view, it has been found that star for

mation can occurr in short time scales, of the order of a million years, both in high and 

low mass regions (Hillenbrand 1997; Hartmann et al. 1991). From the theoretical point 

of view, numerical simulations in the isothermal regime, with densities of the arder of 103 

cm - 3 show that the turbulence is dissipated in time scales comparable to the free-fall time 

(Ostriker et al. 1999; Mac Low 1999; Padoan & Nordlund 1999). 

A possible solution that may reconcile the low-efficiency of star formation and the short 

cloud lifetirnes and star fonnation time scales could be offered by the same cloud formation 

lllf'chauism proposcd 1n thP prnsent work: if douds are formed by the confluence of large

scalc strcarns (iu general ohliqur). the taugent.la] comporwnt of thc vdocity fit>ld may be 

abie to disrupt. the doud in timc'scales shorter than thr frpe-fall time. In this way, thC' doud 

formatiou nwchanism itsdf is rcspousihle (at. least partiaJly) of thc dond's (lisruptiou. 

It ii; worth wciltioning- that thís suggestion sc¡,ms to disagree with thc n'snlt of Lforat 

et al. (Hl90) that tnrhnlent forci11g at scales larger than the .Jeans lcngth is not abk to 

pn,vcrlt collapse of the lowc~r scales. However, those authors actually prove lJuly that in 

order to in.sur(' that there is no collapsc. one mnst force at small scales, lmt do not mlP out 

tl1P possíbility that larpp-seale forcing may havc thc dual dfect of both prodnciug Home 

deusn struct.nrc~s whilc disruptiug others. \Ve plan to then test our suggest.ion considt)ring 

tlw sp('dfic geornetry of tlw oblique rollision. iu order to iuclnde tlie simultaneous dfrct of 

thc compressivc and slwaring rnodcs. In tliís way. the same nwchanísm responsibk for thP 

fonnation nf cloud.s rnay be rnsponsiblr: for t.heir destruction. 

Tlwn, with tht• idea of studying the formatiou of molecular dondH. their 1ifotirnes. thcir 

dPstrnction UH'<'hanisnis. as wdl ns tlie fonuation cvcu dcnser strndurcs (corps). wr phn to 

¡>Prforw rn'W rni111cri1.'}l.] sirnulatiorn,:. 1·onsid('ring aH thc rdcvant proccsst>s in a consistput 

way. at scaJr,s hctwcecu (l.05 auc1 50 pe. ,wd continuiug, in thcw thc kiud of arntlrsPs 

JH'rfornwcl in tlw pn'sf'11t t,h('sis. \Ve hope to determine in this wa.y wheth('r the interstdlar 

rnrdíurn is actually sclf-sirnilar i11 R. widc rnug1° of scaks. and. if ~o. wlwn !.he Hclf-sirnilarit.y 

í:,; brokcn by dissipation or gravity pffocts. to finally forrn stars. 

1:'-otP. how~_•n•r. thil.t this Sl'rOll(l prnpm,al r\oPs not m•,esarily avoirb; the gravitational collapst• (Gazol 

&: Passot 1999) 
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Apéndice A 

Término Gravitacional en el Teorema 

Virial 

En el presente apéndice se muestra cómo el término gravitacional del teorema virial, 

W == J XiP:t (A.1) 

puede reescribirse como la energía gravitacional 

Eg = - 1 /2 f p q; dl,.. lv 
(A.2) 

Deddimcm incluir la prei,ent.c demostración porque es diforeutc a las demostradonPs co-

111únmc11tf' dadas c~n los libros de texto (c.g .. Shu 1902), donde se utilizan argumentos de 

simetría de las variables de integración. La hipótesis fundamental es que las iutegrnles de 

superficie que iuvolucrca ~,. p o sus derivadas, pueden hacerse cero H.l iutegrar Hohrc una 

superficie en infinito. En lo que sigue, lrnnm10s uso de la notación 

y de la ecuación de Poü.son: 

D 
Ü;=-

. ih:¡ 
(A.3) 

(A.4) 

Tomando 1mtonces el tfamino gravitacioual (A.l}, y usando la ecuación de Poisson 

(AA): 

(A.5) 

La primera es la integral de uua divergencia, 1a cna1 puede convertirse en nna integral de 

Hnpcrficie y Pvaluarse como cero. De la segunda obtenemos: 
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W = - 4:a j (ojc/>) [xi8iJ4i + Oi<Póij] dV = 

= 4:a f <ti[&1(xiai1</J+&pt>)]dv- 4: 0 f aj[4>(xiaiit/>+&i</JóiJ)]dv (A.6) 

En esta ocasión, es la segunda integral la que puede convertirse en una integral de 
superficie y ser eliminada, quedando 

W = 4:G ! cp [ Ojjlp + Xi8ijj</> + Oijc/JÓij] dV = 

= 4:G ! [2IPOjj</> + <PXiOiJJ4>] dV = 

= 2 / p</>dV + 4: 0 /[ai(<Pxia1pp)-&jJ<P&i(4>xi)]dv = 

= 2 / pcpdV - 4:G I [ 3</>8jj</> + XiOi<POJJ<P] dV = 

de manera que se obtiene 

(A.7) 

(A.8) 

El primer término del lado derecho es la energía gravitacional. El segundo término es 
precisamente W. Pasándolo sumando del lado izquierdo y dividiendo p~~d~-~ obtien~ __ _ 

---------------------
w = -~ / p<j;dV (A.9) 

qed. 
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Teorema Virial en 2D 

El presente apéndice es relevante para el cálculo de los términos del Teorema Virial en el 

capítulo 8. 

Dado que las símulaciones estudiadas son bidimensionales, es necesario verificar de qué 

manera esta geometría afecta a los términos del Teorema Virial. Por definición de 2D, 

o:(x, y, z) = o:(x, y) 

Az(x, y, z) = O (B.l) 

para todo m,calar n, t'xccpto ::. y todo vector A. El considerar qne la variación en z de la 

componente z de u11 vector es 110-uulo, pero const;-wte es lo qlll' 8C conoce como 2.5D, PS 

decir: 

AJr, y, z) ::e Ao (B.2) 

donde Ao dcpendP únicamente de :r, y y no nccesa.riauwute es cero. 

La ddinición de 2D adoptada es rq1üvalente a suponer qnc d plano ;I:, y se Pxtkude 

a infinito, de manera ttlW los eknwnt.os de volumen dV = d;rdydz se vuelvcu infinitos. 

Sin embargo, es posibh! definir nn rnwvo elemento <le volumen por nuí<lad de lnn¡¡;it.ud cu 

::, dV' = dV /dz = d:nly. Conw la cantidad d;; aparece en todos los términos <le la ec. 

( 6.4). e11tonn~8 es posible cancelarla. de manera que las integrales de volumen ¡.;e pnedeu 

calcular comu integrales sobre una supcrficiP en el plano :r, y. Por otra parte. hacemos 

notar tarnhi('n que aún en 2D. 

(IU) 

Adícimialmcutc, d tórmino de presi(m tt'•nuica _y d tórmino magnético en el teorema 

vírial en 2D adopta11 formas diferentes qnc ca 3D. Considcrcmm, estos ca:-,;os. 

B.l Término de Presión Ténnica 

Corn-;ideremos primero e1 tfamiuo de presió11 tfamica: 
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(B.4) 

Como se mencionó previamente, todos los elementos de volumen contienen dz, de manera. 

que podemos considerar el elemento de volumen por unidad de longitud en z1 dV' = dxdy. 
Des<trrollando los términos del lado derecho de esta ecuación, 

( x/JP dV' = { (a(xP) + &(yP) + &(zP))dV' - 3 ( PdV' = 
}v, Bxi lv, ox oy Bz Jv, 

= f (B(xP) + B(yP) )dV' + f B(zP) dV' - 3 { PdV' = 
lv1 ox Dy lv1 oz Jv, 

= [ (o(xP) + o(yP)) dV' + f PdV' - 3 j PdV1 (B.5) 
lv, ax ay lv, lv, 

Hasta aquí hemos considerado que v' ·x = 3. Ahora bien, sumando los últimos dos términos 

de (B.5) obtenemos: 

f Xi aP dV' = f (ª(xP) + B(yP) )dv' - 2 { PdV1 

Jv, axi lv, ax &y lv, (B.6) 

que es equivalente a haber convertido la integral de volumen en integral de superficie, y 

considerar v' · x = 2. Por esta razón, en el artículo Virial Balance in Turbulent MHD 
Two Dimensional Numerical Simulations of the ISM (§8) se utiliza v' · x = 2, y se toma la 
integral de superficie como integral de contorno en x, y. 

~-~ -B-;-2-- -TérminirMagné-fíco~ -
-----

Consideremos ahora el término magnético. 

(B.7) 

donde Tii = -B2/2 es la traza del tensor de esfuerzos electromagnéticos. 

Dado que 

(B.8) 

donde 
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Apéndice B. Teorema Virial en 2D 

(B.9) 

entonces 

(B.10) 

y como el último renglón se cancela idénticamente, el término magnético del Teorema Víríal 

en 2D es: 

(B.11) 

Como se menciona en el capítulo 8, el resultado de considerar T¿j dado por (4.4) con 

·1, .7 = ;r. y, z. es cc1 u i valen te a C(msíderar que la cucrgía magn(>tíca 

{B.12) 

no contribuye al halann~ viríal eu 2D y supouPr que a T;j solamente contribuyen las com

ponentes :r y y dPl campo maµ;nót.ico. 
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