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1. INTR ODUCTION

1.1. Science Bac kground

The gas disks of spiral galaxies are turbulen t and inhomogeneous. On scales of a few kiloparsecs

in size and a h undred million y ears in time, the spiral pattern in the stellar gra vitational p oten tial

sw eeps through the gas causing a sho c k, compression, and star formation (Sellw o o d and Balbus,

1999; Goldman, 2000). On smaller scales of sev eral h undred parsecs and ten million y ears, star

formation and the concomitan t stellar winds and sup erno v a remnan ts shred the gas, sw eeping out

shells and bubbles and piling up clouds, often in the shap e of sheets and �lamen ts. These shells

can break out of the disk and v en t hot gas in to the lo w er halo, driving a galactic foun tain that

redistributes gas radially . On still smaller scales of space and time the structure and motion of the

gas is more random and irregular| turbulent (Brun t et al., 2003; Lazarian and P ogosy an, 2000).

The kinetic energy injected m ust b e dissipated. The accepted picture: it transfers to the upp er

scale length of turbulence and then cascades to smaller scales. Ultimately the energy is dissipated

in to microscopic motions on the smallest turbulen t size scale, kno wn as the inner scale. The

dissipation scale is at least as small as 100 A U and ma y b e as small as a few thousand kilometers.

Bet w een the inner and outer scales, the ISM structure is b est describ ed as sto c hastic turbulence with

a p o w er sp ectrum. The cascade of energy to smaller scales re
ects the astroph ysical pro cesses that

go v ern the dynamics of the gas, and in particular the motion of the gas is coupled to the magnetic

�eld in a sp ectrum of magneto-acoustic w a v es (P assot and V azquez-Semadeni, 2003; F erriere et al.,

1988).

Giv en this theoretical bac kground, some of the relev an t observ ational questions b ecome: What

is the top ology of the ISM, and what are the �lling factors of the v arious phases? What are

the energy sources and ho w do they transfer energy to the turbulen t cascade? Can w e iden tify

in terstellar structures suc h as sho c ks, the actual agen ts that inject the energy to the turbulen t

cascade? Ho w do es in terstellar gas mak e the transition b et w een phases? Ho w are the thermal

phases related to the turbulen t sp ectrum?

And on the v ery largest galactic scales: What is the structure of galaxy halos? What is the

nature of the disk/halo in terface? Ho w m uc h matter and energy falls on the Galaxy with High-

V elo cit y Clouds? Is there a large-scale Galactic foun tain and/or wind?

W e, along with man y astronomers, b eliev e that most of the ISM is truly describ ed as \turbu-

lence" o v er small enough length scales. Ho w ev er, that's not the whole story: w e see morphological

structures that are distinctly non-fractal and these highligh t curren tly unkno wn ph ysical pro cesses

and situations. The remaining section describ e ISM structures, some of whic h seem \turbulen t"

and some of whic h seem more lik e individual morphological features that lie outside the realm of

scale-indep enden t fractal turbulence.

1.2. Instrumen tation

In the 21-cm line, the v arious scales are observ ationally prob ed b y 21-cm line maps and in ter-

stellar scattering of p oin t radio sources suc h as pulsars. Observ ational capabilities for the 21-cm

line ha v e dramatically increased as a result of the 7-feed ALF A arra y at Arecib o, and promise ev en



more in the future if the Allen T elescop e Arra y is built to its full complemen t of 350 telescop es.

Recen t adv ances in in terstellar scattering round out the picture; they include arcs, arclets, and

in tra-da y v ariables, to name a few. These are studies of time v ariabilit y of p oin t sources and, as

suc h, require the highest sensitivit y; Arecib o, with its h uge collecting area, is the instrumen t of

c hoice. Obtaining and syn thesizing these unpreceden ted data in to a coheren t whole will tr ansform

our understanding of the interstel lar me dium.

2. THE GALA CTIC ISM: TURBULENCE vs. QUASI-EQUILIBRIUM vs.

MA CR OFLO WS

Fig. 1.| L eft: Quasi-static mo del of CNM clouds (MO) in ev ap orativ e quasi-equilibrium with the sur-

rounding HIM. Center: CNM \cloud" from a sim ulation b y Henneb elle (priv ate comm unication). R ight: An

observ ed CNM �lamen tary \cloud"; this image is from the Arecib o GALF A surv ey .

The ISM's o v erriding morphological trait is anisotr opy . It tends to lie in sheets and �lamen ts

with asp ect ratios that can reac h h undreds to one. The righ t-hand panel of Figure 1 sho ws a hot-

o�-the-telescop e (i.e., unpublished) Arecib o GALF A image of a t wisted, writhing �lamen t mo ving

sup ersonically through its surroundings. The middle panel sho ws a theoretical image from a recen t

n umerical gasdynamical sim ulation; to the ey e, it lo oks|deceptiv ely|lik e the data. Deceptiv e,

b ecause sup ersonic motions are rare in the sim ulations. In con trast, the left-hand image is from

a highly regarded ISM textb o ok published just a few y ears ago (Tielens 2005), and it represen ts

the image that rests in most astronomers' minds: a spherical cold gas core in subsonic quasi-

equilibrium with a w arm en v elop e, em b edded in the HIM substrate|the classical ISM theory of

McKee & Ostrik er (1978; MO).

What are w e to b eliev e? The classical theory describ es neither the morphology nor the kine-

matics. (It do es prett y w ell in predicting global quan tities lik e pressure, ho w ev er.) T urbulence wins

o v er quasi-equilibrium b ecause the sim ulations|whic h are all ab out turbulence|do describ e the

morphology . T urbulence is, b y nature, fr actal |scale-in v arian t, so one size scale lo oks lik e another.

W e see plen t y of evidence for fractal turbulence, whic h is esp ecially easy to c haracterize for the

small scales sampled b y pulsar scin tillation and related phenomenae. The righ t-hand panel of Fig-

ure 1 departs from this ideal fractal turbulence b ecause its size scales are to o large. It c haracterizes

macr osc opic 
ows at large length scales whic h, someho w, driv e the turbulence b y transferring their
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substan tial energy to the smaller length scales for whic h the term \turbulence" applies.

Ho w do es this transfer o ccur? In the nearly 400 deg

2

angular area co v ered b y the Arecib o

data of Figure 1, there is no indication whatso ev er of in teraction b et w een this sup ersonic �lamen t

and the rest of the gas. The accepted picture is that �lamen ts lik e this are pro duced b y the

ma jor sources of energy input|lik e sup erno v a, stellar winds, and HI I regions|whic h originate

with stars. This ma y or ma y not b e true: sup erno v a sho c ks b egin as mo ving m uc h faster and w e

ha v en't observ ed an y transitionary ob jects b et w een the highly sup ersonic sup erno v a sho c k and the

relativ ely mo dest-v elo cit y �lamen ts lik e this. Regardless of the origin, our �lamen t should ha v e a

long p erio d of uninhibited, almost frictionless motion b ecause most of the ISM v olume is o ccupied

b y the highly rare�ed � 10

6

Kelvin HIM, through whic h the �lamen t is mo ving subsonically .

A t some p oin t the �lamen t m ust collide with the co oler, denser gas, and that's where the fun

b egins: the motion is sup ersonic for the co oler gas and the in teraction should b e in tense. In terstellar

space is full of of �lamen ts lik e this. Owing to the unpreceden ted sensitivit y and angular resolution

of existing and, esp ecially , future 21-cm line telescop es, w e no w o v ercome the classical limitation of

totally inadequate angular resolution in large-area high-sensitivit y surv eys and can lo ok forw ard to

lo cating and studying these in teractions. They are of fundamen tal imp ortance b ecause the energy

transfer p o w ers in terstellar turbulence and de�nes the upp er length scale for whic h the turbulence

concept applies.

3. A MAMMOTH PR OTOSTELLAR JET?
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Fig. 2.| Stereographic pro jections of a 90

�

� 90

�

area of sky cen tered on the Orion/Eridan us sup erbubble.

L eft, XM band emission from R OSA T. Center, hea vily-stretc hed 100 � m IRAS image. R ight , a sev erely-

stretc hed HI image at � � 4 km s

� 1

from LDS; the arro w p oin ts to the putativ e protostellar jet.

Here w e describ e what seems to b e a mammoth protostellar jet. Whatev er it is, it is a hith-

erto unrecognized source of energy for in terstellar turbulence; the di�use ISM's turbulence can b e

energized b y jets, just as molecular clouds are. Figure 2 presen ts stereographic pro jections of the

Orion/Eridan us sup erbubble region, a sup erb sho w case for all ISM gas phases (Heiles, Ha�ner, &

Reynolds 1999). It w as probably pro duced b y stellar winds and sup erno v ae in the series of Orion

star asso ciations. The left panel, whic h exhibits the 0.75 k eV emission (from R OSA T), sho ws that

the cen tral v olume of the sup erbubble is full of v ery hot gas; the colder, denser gas that formerly

o ccupied this space has b een sw ept in to dense shells at the p eriphery .

The cen ter and righ t panels of Figure 2 sho w this sw ept-up gas as rev ealed b y the IRAS 100
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� m maps and the HI image at � � 4 km s

� 1

from LDS. Near the cen ters of these images w e

encoun ter an in triguing region of jetlik e features. W e ha v e sev erely stretc hed the righ t-hand image

to highligh t the most prominen t one, mark ed b y the arro whead; it p oin ts roughly to w ard 1 o'clo c k

with its lo w er corner at ( `; b ) = (210

�

; � 30

�

). It is resolv ed b y IRAS and is 6 :

�

2 long and 0 :

�

4 across,

an asp ect ratio � 15. It is easily seen, but underresolv ed, in the LDS HI surv ey (resolution 0 : 6

�

).

A t ( `; b ) = (207 : 6

�

; � 27 : 1

�

), it has N ( H I ) � 2 : 5 � 10

20

cm

� 2

, whic h is less than exp ected from the

p eak 100 micron IRAS di�use emission|meaning that the remainder is H

2

or that the dust-to-gas

ratio is un usually high.

The jet's v elo cit y ranges from � 2 : 06 km s

� 1

at the upp er righ t to � 5 : 15 km s

� 1

at the lo w er

left, a c hange of 3.1 km s

� 1

and a gradien t of 0.5 km s

� 1

p er degree. If its distance is 500 p c and

its length results en tirely from its v elo cit y gradien t, its age is 23 tan ( i ) Myr. Giv en the in tense

dynamical situation in the region, it is v ery unlik ely that the �lamen t could surviv e for more than

a couple of Myr, whic h corresp onds to i = 5

�

. F or i = 5

�

, it is 71 p c long|and the total v elo cit y

di�erence along its full length is 36 km s

� 1

! If this is a protostellar jet, it is much larger than an y

other. If it is not a protostellar jet, then it migh t b e related to the sup erbubble.

In either case this jet is an amazing and exotic ob ject. Understanding this jet, together with

the other smaller ones in its general vicinit y , requires images of atomic and molecular gas with

angular resolution comparable to IRAS. The fully-completed Allen T elescop e Arra y is ideal for this

task|and it will also pro vide magnetic �eld measuremen ts using Zeeman splitting.

4. ISOLA TED CNM BLOBS or D ARK MA TTER RESER V OIRS?

Fig. 3.| T op: Three HI blobs in the same angular �eld but at di�eren t v elo cities, mark ed b y arro ws.

Bottom: their sp ectra.

Figure 3 sho ws a represen tativ e sample of isolated blobs, with images on the top and sp ectra

on the b ottom. These unpublished results are from the GALF A surv ey; without the unpreceden ted

com bination of surface-brigh tness sensitivit y and angular resolution, w e'd nev er see them|and

indeed, suc h ob jects ha v e nev er b efore b een seen. W e see blobs ev erywhere. Some lo ok lik e conden-
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sations on �lamen ts, whic h probably result from magneto-co oling instabilities. Some, lik e these,

are disconnected from all other neutral gas. They ha v e small angular diameters and are unresolv ed,

not only with the 3.5 arcmin resolution of Arecib o but also with the 0.5 arcmin resolution of the

VLA D con�guration.

The lines are narro w, so the gas is cold; b eing isolated from other co ol gas suggests that they

are gra vitationally b ound, whic h requires stellar-t yp e masses. But the HI masses are tin y , ab out

a Jupiter mass. This situation, with a seemingly in visible con�ning mass, is reminiscen t of the

high-latitude, isolate d mole cular blobs of Heithausen (2002, 2006) and Dirsc h, Ric h tler, & G� omez

(2005), whic h lie no where near signi�can t in terstellar clouds, either atomic or molecular. Both

their molecular and our atomic blobs ha v e narro w lines, tin y measurable masses, and large virial

masses|a com bination that de�es curren t concepts of in terstellar matter.

These are truly m ysterious ob jects. The molecular v ersions ha v e b een around for sev eral y ears,

but their existence is not w ell kno wn or appreciated within the astronomical comm unit y . This

ignorance b elies their p ossible imp ortance. It's conceiv able that they are nothing more than neutral

en v elop es of co ol, obscured stars, but suc h stars are not cataloged at these p ositions. An in triguing

alternativ e: they are b ound b y blac k holes (Heithausen 2004), a p ossibilit y actually predicted

(!) b y Pfenniger & Com b es (1993); their outer skins w ould b e ionized b y starligh t enough to

pro duce Extreme Scattering Ev en ts (W alk er & W ardle 1998) and related phenomenae. The original

theoretical prediction w as orien ted to w ards explaining what dark matter is, and if these blobs are

held together b y blac k holes then they are n umerous enough to con tribute a meaningful faction,

but probably not all, of the Galaxy's dark matter.

5. TRA CING THE DIFFUSE HALO WITH HIGH-VELOCITY CLOUDS

or: HV Cs AND THEIR EFFECT ON [the holy grail of ] ST AR F ORMA TION
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Fig. 4.| L eft: A simulate d head-tail cloud mo ving at 200 km s

� 1

through the di�use Galactic halo

with densit y 10

� 4

cm

� 3

(Quilis & Mo ore 2001); con tours are 0 : 5 ; 1 ; 5 ; 10 � 10

19

cm

� 2

. R ight: A

GALF A- observe d head-tail cloud; con tours 0 : 3 ; 1 ; 3 � 10

19

cm

� 2

.
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Fig. 5.| L eft: The HV C and its shards. Color represen ts cen tral GSR v elo cit y and brigh tness the

total column densit y . The lab elled features w ere used in the h ydro dynamic mo delling. R ight: The

HV C sho wing a clear head-tail v elo cit y di�erence.

Figure 4 compares theory and observ ation of a high-v elo cit y cloud falling through the Galactic

halo. It's hard to tell the di�erence! Theory sa ys as halo clouds mo v e through the di�use halo

medium, they form a compressed head and di�use tail structure (e.g. Quilis & Mo ore 2001; Gunn

& Gott 1972). The morphological details v ary according to the sp eed and densit y of the cloud, and

the densit y of the halo medium. Theory (e.g. W ol�re et al. 1995) also sa ys that the friction b et w een

the infalling cloud and the halo also pro duces a core-halo structure in velo city space|again, just

lik e the observ ations of some clouds (Figure 5, righ t panel). Moreo v er, the n umerical sim ulations

rev eal stripping e�ects that result in slo w er-mo ving shards and �ngers extending o� the sides of

the cloud.

Observ ations uniquely sho w this happ ening (Figure 5, left panel). A straigh tforw ard dynamical

mo del for the drag on the fragmen ts pro vides quan titativ e v alues for the lo cal am bien t halo densit y .

Com bining this with a h ydrostatic halo mo del, in whic h densit y is a w ell-de�ned function of z heigh t

and Galactic radius, pro vides a new tec hnique for getting HV C distances (P eek et al. 2007)|whic h

are notoriously hard to measure.

HV C distances are imp ortan t: they allo w accurate estimates of mass in
o w rate to the Galaxy ,

whic h relates to t w o k ey global questions ab out where the gas for ongoing star formation comes from:

(1) at its curren t pro
igate rate of making new stars, the ISM is all used up quite rapidly without this

source of replenishmen t; (2) the infalling clouds inject energy in to in terstellar turbulence, a usually

ignored energy source in addition to the standard ones in v olving stellar winds and sup erno v ae.
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6. INSTR UMENT A TION: ARECIBO AND THE ALLEN TELESCOPE ARRA Y

Everything discusse d ab ove is br and new , a result of the rev olutionary capabilit y of high surface-

brigh tness sensitivit y and angular resolution a�orded b y the 7-feed ALF A arra y on the Arecib o

telescop e. A �lled ap erture pro vides this com bination if the telescop e is big enough; our exp erience

is that the 1000-fo ot ap erture of Arecib o is required. Another approac h is ap erture syn thesis,

whic h pro vides the necessary angular resolution|but curren tly there is not a single instrument

that supplies the requisite surface-brigh tness sensitivit y . While that's the curren t situation, the

future will b e di�eren t if the Allen T elescop e Arra y (A T A) is built out to its full complemen t of

350 telescop es.
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