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ABSTRACT

The numerical simulations associated with the interaction of High Velocity Clouds (HVC) with
the Magnetized Galactic Interstellar Medium (ISM) are a powerful tool to describe the evolution of
the interaction of these objects in our Galaxy. In this work we present a new project referred to as
Theoretical Virtual i Observatories. It is oriented toward to perform numerical simulations in real time
through a Web page. This is a powerful astrophysical computational tool that consists of an intuitive
graphical user interface (GUI) and a database produced by numerical calculations. In this Website the
user can make use of the existing numerical simulations from the database or run a new simulation
introducing initial conditions such as temperatures, densities, velocities, and magnetic field intensities
for both the ISM and HVC. The prototype is programmed using Linux, Apache, MySQL, and PHP
(LAMP), based on the open source philosophy. All simulations were performed with the MHD code
ZEUS-3D, which solves the ideal MHD equations by finite differences on a fixed Eulerian mesh. Finally,
we present typical results that can be obtained with this tool.
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I. INTRODUCTION

High velocity clouds (HVC) are (H1) clouds located
at high latitudes, representing a fraction of the gaseous
halo of our Galaxy. The radial velocities, relative to
the Local Standard of Rest (LSR), at larger than ~
100 km/s and cannot be explained by a simple model of
galactic rotation (Muller et al. 1963; Mirabel 1981; Ba-
jaja et al. 1985; Wakker 1991; Wakker & van Woerden
1997). They are composed principally of neutral atomic
hydrogen (H1), however, some show molecular hydro-
gen (Ritcher et al. 1999), heavy elements (Wakker
2001) and surrounding, highly ionized gas (Fox et al.
2004). The explanation for their origin is either galac-
tic (Shapiro & Field 1976) or extragalactic (Oort 1970;
Blitz 1999), and the evolution of their interaction with
the halo is unclear because their distances and tangen-
tial motions are unknown. Limits to the locations of
some particular HVCs are in the range of some par-
secs up to dozens of kiloparsecs. The resulting possible
mass range is 10°-108 M (Wakker 2001; Putman et
al. 2003; Smoker et al. 2004; Wakker et al. 2007).
Therefore, a cloud moving with a speed of 100 km/s
will have a kinetic energy of approximately of 105!
10% ergs. This range of values indicates that the bulk
motion of the HVC system, and its interaction with
the ISM, could represent a rich source of energy and
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momentum for the Galactic gas.

Numerical simulations of the evolution of HVC colli-
sions with the Milky Way have been performed for more
than two decades by different authors. Some of this
works were used for modeling the origin of large—scale
structures near the Galactic plane, such as supershells
(Tenorio—Tagle et al. 1986, 1987), the peculiar location
of the Orion and Monoceros molecular cloud complexes
(Franco et al. 1988); the formation of structures simi-
lar to Gould’s Belt (Comerén & Torra 1994; Comerén
2001), as well as the formation of Galactic worms with
mushroom shapes (Kudoh & Basu 2004). The details
of resulting supersonic flows depend of on the model
assumptions, and the intensity and initial configura-
tion of the magnetic field. Santilldn et al. (1999) made
models that illustrate the effects of magnetic pressure,
and differentiate them from those due to magnetic ten-
sion. Finally, the interaction of the HVCs with the
outerskirts of galactic disks can maintain transonic tur-
bulent motions in the warm phase (~ 2500 K) of H1
(Santillan et al. 2007; Sanchez—Salcedo et al. 2007).

The published papers display only some details of
the numerical calculations but observational astronomers
sometimes need additional details of the theoretical
models in order to interpret their data. In this work
we present a new Astrophysical Computational Tool
that will allow astronomers to access high-performance
remote numerical simulations through a website called
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Fig. 1.— Flowchart of the computational implementation
of the MTVO

the Mexican—Theoretical Virtual Observatory (MTVO).

II. COMPUTATIONAL BACKBONE OF THE
MTVO

In general, Virtual Observatories provide easy and
transparent access to diverse observational databases.
However, the concept of a Theoretical Virtual Obser-
vatory has recently been developed providing access to
numerical simulation databases produced by theoreti-
cal research (Wozniak 2004, Lemson 2006, Santilldn et
al. 2006).

The MTVO rests on a set of software tools that offer
global solutions for web development. The operating
system is Linux, the web server is Apache, the interface
is SQL (Structure Query Language) and the relational
database management system is MySQL; everything
was programmed with PHP (Hypertext Pre-Processor).
The computational backbone of the MTVO is struc-
tured into three stages: The Graphic User Interface
(GUI); the Remote Numerical Calculations (RNC); and
the Database (DB) creation and the search tools. The
implementation is explained in the flowchart of Figure
1. The initial step is user validation and authentication
by the system, then the user must introduce initial con-
ditions (IC) of the physics problem to be simulated.
The program searches if these values have been used
previously by other user and gives a link to the archive
of the previous numerical simulation. If no previous
simulation is found, the system starts a new numerical
calculation. It is important to mention that the user
has the possibility of using only the archives of the DB
without running a new simulation.

(a) Graphic User Interfaces

The application implemented in the MTVO is the
study of the evolution of a HVC in the ISM, this
medium include a random magnetic field. Actually
there are two principal GUIs; one executes the numer-
ical simulation in real time and the other performs a
search in the database. In the first case, the GUI is
designed to introduce the physical variables related to
the ISM (numerical density, temperature and magnetic
field intensity) and the HVC (radius, numerical density
and velocity). The GUI includes various filters to vali-
date the data integrity and verify that all variables are
introduced. On the other hand, the GUI that performs
the search in the DB is similar to the GUI of the RNC,
because it includes the possibility of obtaining a simu-
lation by the physical variables, date and username.

(b) Remote Numerical Calculation

This software comprises a group of programs with
specific tasks. The initial conditions are added in an
input file and those are included in the DB together
with the username and the date. When the run is
done, the program creates one tar file archive, com- °
pressed with Gnu Zip compression, with all output
files; the name and location of this file are inserted
into the DB. The simulation file includes the hydrody-
namic variables (density, internal energy, velocity field
and magnetic field) associated with the evolution of
the HVC in HDF4 format. Finally, the system sends
an email to the user informing the web address where
this file can be downloaded.

(c) Database

Our website uses a relational database and the
queries are in the standard language SQL. Presently
we only service storage of the results for the applica-
tion of the evolution of HVC, but future applications
will include a variety of the other astrophysical prob-
lems. In the HVC case the DB contains the values for
the initial conditions; also included is user information
such as name, institution, email and password, output
files and date. With these data the user has the option
to make several searches of DB; for example, if the user
wants to know the results already obtained for a given
set of ISM properties, he or she only needs to introduce
the values in the GUI and the system will get all the
files that contain such values. The same can be applied
if the user wants to search by two or more variables.
When the user makes a search without any value, the
system get all the simulations stored in the DB.

III. NUMERICAL MODEL

In order to study the evolution of the interaction
of a HVC with a magnetized interstellar medium, we
set a random magnetic field (see Fig. 2) that satisfy
the divergence—free constraint (V e B = 0) at all times,
where the horizontal component dominates over the
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Fig. 2.— Initial topology of the random magnetic field,
where the maximum intensity is 2 uG

vertical component, and we use the MHD code ZEUS~
3D (Stone & Norman 1992a, 1992b). The code can
perform simulations in three-dimensional, but due to
obvious computational restrictions, we presently we re-
strict the remote numerical calculations only to two—
dimensional simulations. The reference system in our
simulation is one in which the ISM is at rest and the
origin of our Cartesian computational mesh (z,y) is at
the Solar neighborhood. For an efficient use of com-
puter resources we worked with moderate resolution of
the computational domain, 512 x 512 cells in a plane
4 kpc on a side, i.e., 7.8125 pc/zone. The boundary
conditions are periodic in the z—axis, and outflowin the
y-axis. The evolution was computed in the isothermal
regime (y=1.01), since explicit cooling or heating func-
tions are not included in our numerical scheme, and
the effects of self-gravity and differential rotation of
the Galaxy are not included in the present version. In
most published papers the HVCs are simulated as a sin-
gle and unique event. In our numerical experiments we
simulate the clouds in the following way; at each time
step we introduce a sphere, at a height of ~ 3.0 kpc,
with radius rgv ¢, numerical density ngy ¢ (em=2) and
initial velocity vpyv ¢ (km/s).

IV. RESULTS

In this section we present typical results obtained
with the MTVO; in particular, we study the evolu-
tion of the HVC in both the hydrodynamic (HD) and
the magnetohydrodynamic (MHD) regimes. The mod-

TABLE 1.
INITIAL CONDITIONS

n v T B r
(eMm?) (xm/s) (K) (uG) (pc)
ISM-1 1.0 0.0 1000 0 —
ISM-2 1.0 0.0 1000 2 -
HVC 0.1 100.0 1000 - 150

els are plane parallel with constant density and tem-
perature, and initially the gas is at rest. The initial
conditions for the example presented in this paper are
given in Table 1, where ISM—-1 and ISM-2 represent
the Galactic interstellar gas, without and with random
magnetic fields, respectively.

Figure 3 shows the HD and MHD simulations of a
cloud whose center position is located 3 kpc above from
the origin, with an initial velocity of 100 km/s. In the
following snapshots, the density is shown in logarith-
mic color—scale plots The first two snapshots show the
shock evolution at 3 Myr, for the ISM-1 and ISM-
2 models, respectively. In both models, the interac-
tion between the HVC and the interstellar gas creates
a strong galactic shock directed downwards and a re-
verse shock that penetrates into the cloud. The galac-
tic shock tends to move radially away from the loca-
tion of impact (Santilldn et al. 1999). At this time,
there are no differences between the models. Neverthe-
less, when 45 Myr of evolution have passed, the struc-
ture of the HVC has changed slightly; in both mod-
els a large fraction of the original cloud mass remains
locked up in the shocked layer, and a small amount of
it has re-expanded back into the rear wake and tail.
However, in the HD—case, the cloud covers a distance
greater than in the MHD—case, due to the magnetic
tension produced by the horizontal-component of ran-
dom magnetic field. The HVC distorts and compresses
the B—field lines during the evolution, increasing both
the field pressure and the tension, and forming a mag-
netic barrier for the moving gas (Santilldn et al 1999;
Knoz, Briins & Birk 2002). Finally, we can see clearly
in figure 3 that the structure of the evolution of HVC
produced by hydrodynamic simulations is completely
different from that produced by numerical calculations
that include magnetic fields, when 90 Myr have passed.
In the case where the galactic gas is described for ISM-
1 (the magnetic field is null) the interaction of the HVC
with this medium presents a thin structure and the size
of perturbation region has grown to nearly 3 kpc. On
the other hand, for the case where the Galactic gas is
magnetized, the evolution of the cloud presents a thick
structure of ~ 2 kpc and a great amount of gas collects
in a magnetic valley formed by the interaction of the
cloud with the horizontal-component of the random
magnetic field.
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Fig. 3.— Evolution of HVC in two medium: without and with magnetic field. The sequence shows the density (color
logarithmic scale) for three selected times (3, 45 and 90 Myr) The snapshots in the left—column show the HD regime and

the snapshots in the right—column the MHD simulation.

V. CONCLUSIONS

In this paper we present a new astrophysical com-
putational tool that will enable to performance remote
numerical simulations through to the Mexican Theo-
retical Virtual Observatory. This powerful tool can be
accessed over the Internet by astronomers regardless of
their location. The numerical calculations will allow
to study the evolution of interaction of high velocity
clouds with a interstellar medium with a random mag-
netic field.

ACKNOWLEDGEMENTS

We are grateful to Stan Kurtz and Pepe Franco for
useful comments and suggestions. Also, we thank the
organizers of the fourth Mexico-Korea Joint Workshop
for the enjoyable meeting. This work has been par-

tially supported by DGAPA-UNAM grant IN104306
and CUDI-CONACyT grant 2007. The numerical cal-
culations were performed using UNAM’s supercomput-
ers.

REFERENCES

Bajaja, E., Cappa de Nicolau, C. E., Cersosimo, J. C.,
Martin, M. C., Loiseau, N.; Morras, R., Olano, C.
A., & Poeppel, W. G. L. 1985, A new general survey
of high-velocity neutral hydrogen in the Southern
Hemisphere, ApJS, 58, 143

Blitz, L, Spergel, D.N., Teuben, P.J., Hartmann, D., &
Burton, W.B. 1999, High-velocity clouds: building
blocks of the Local Group, ApJ, 514, 818

Braun, R., & Burton, W. B. 1999, The kinematic
and spatial deployment of compact, isolated high-
velocity clouds, A&A, 341, 437



REMOTE NUMERICAL SIMULATIONS OF HVC 169

Comerdn, F., & Torra, J. 1992, The oblique impact of
a high velocity cloud on the galactic disk, A&A, 261,
94

Comerén, F. 2001, A Gould-Belt-like structure in M
83, A&A, 365, 417

Fox, A. J., Savage, B. D., Wakker, B. P., Richter, P.,
Sembach, K. R., & Tripp, T. M. 2004, Highly ionized
gas surrounding high-velocity cloud complex C, ApJ,
602, 738

Franco, J., Tenorio-Tagle, G., Bodenheimer, P., Rozy-
czka, M., & Mirabel, I. F. 1988, On the origin of the
Orion and Monoceros molecular cloud complexes,
Apl, 333, 826

Giovanelli, R. 1981, Very high-velocity H I clouds - an
intergalactic population, AJ, 86, 1468

Konz, C., Briins, C., & Birk, G. 2002, Dynamical evo-
lution of high velocity clouds in the intergalactic
medium, A&A, 391, 713

Kudoh, T., & Basu, S. 2004, A mushroom-shaped
structure from the impact of a cloud with the Galac-
tic disk, A&A, 423, 183

Lemson, G., & The Virgo Consortium, 2006, Halo and
Galaxy Formation Histories from the Millennium
Simulation, www.mpa-garching.mpg.de/millennium

Mirabel, I. F. 1981, A complex of high-velocity clouds
in Sagittarius, AplJ, 247, 97

Muller, C. A, Oort, J.H., & Raimond, E. 1963, C.R.
Acad.Sci. Paris 257, 1661

Oort, J. H. 1970, The formation of galaxies and the
origin of the high-velocity hydrogen., A&A, 7, 381

Putman, M. E., Bland-Hawthorn, J., Veilleux, S., Gib-
son, B. K., Freeman, K. C., & Maloney, P. R. 2003,
Ha emission from high-velocity clouds and their dis-
tances, ApJ, 597, 948

Rand, R., & Stone, J. M. 1996, Modeling the HI su-
pershell in the edge-on-Galaxy NGC 4631 as an en-
ergetic HVC impact, AJ, 111. 190

Richter, P., de Boer, K. S., Widmann, H., Kappelmann,
N., Gringel, W., Grewing, M., & Barnstedt, J. 1999,
Regulation of cell movement is mediated by stretch-
activated calcium channels, Nature, 400, 382

Sanchez-Salcedo, F. J., Santilldin, A., & Franco, J.
2007, in this volume

Santillan, A., Franco, J., Martos, M., & Kim, J. 1999,
The collisions of high-velocity clouds with a magne-
tized gaseous Galactic Disk, ApJ, 515, 657

Santillan, A., Franco, J., & Kim, J. 2001, Origin of the
cometary structure of the HVCs: 3D-MHD numeri-
cal simulations, JKAS, 34, S341

Santillan, A., Herndndez—Cervantes, L., & Gonzalez—
Ponce, A. 2006 Mexican Virtual Solar Observatory,
mvso.astroscu.unam.mx

Santillan, A., Sdnchez—Salcedo, F. J., & Franco, J.
2007, Exploring cloudy gas accretion as a source of
interstellar turbulence in the outskirts of disks, ApJ,
662, L19

Shapiro, P. R., & Field, G. B. 1976, Consequences of a
new hot component of the interstellar medium, ApJ,
205, 762

Smoker, J. V., Lynn, B. B., Rolleston, W. R. J., Kay,
H. R. M., Bajaja, E., Poppel, W. G. L., Keenan,
F. P., Kalberla, P. M. W., Mooney, C. J., Dufton,
P. L., & Ryans, R. S. L. 2004, Call K interstellar
observations towards early-type disc and halo stars

- distances to intermediate- and high-velocity clouds,
MNRAS, 352, 1279

Stone, J.M., & Norman, M.L. 1992a, ZEUS-2D: A radi-
ation magnetohydrodynamics code for astrophysical
flows in two space dimensions. I - The hydrodynamic
algorithms and tests, ApJS, 80, 753

Stone, J.M., & Norman, M.L. 1992b, ZEUS-2D: A Ra-
diation Magnetohydrodynamics Code for Astrophys-
ical Flows in Two Space Dimensions. II. The Mag-
netohydrodynamic Algorithms and Tests, ApJS, 80,
791

Tenorio-Tagle, G., Bodenheimer, P., Rozyczka, M., &
Franco, J. 1986, The collision of high-velocity clouds
with a galactic disk, A&A, 170, 107

Tenorio-Tagle, G., Franco, J., Bodenheimer, P., &
Rozyczka, M. 1987, Collisions of high-velocity clouds
with the Milky Way - The formation and evolution
of large-scale structures, A&A, 179, 219

Wakker, B. P. 1991, Distribution and origin of high-
velocity clouds. II - Statistical analysis of the whole-
sky survey, A&A, 250, 499

Wakker, B. P. 2001, Distances and metallicities of high-
and intermediate-velocity clouds, ApJS, 136, 463

Wakker, B. P., & van Woerden, H. 1997, High-velocity
clouds, ARA&A, 35, 217

Wakker, B. P., York, D. G., Howk, J. C., Barentine, J.
C., Wilhelm, R., Peletier, R. F.; van Woerden, H.,
Beers, T. C., Ivezié, Z; Richter, P., & Schwarz, U. J.
2007, ApJ, 670, L113

Wozniak, H., 2004, Semaine de I’Astrophysique Fran-
caise, (eds.) F. Combes, D. Barret, T. Contini, F.
Meynadier, & L. Pagani EdP-Sciences, Conference
Series, p. 585



