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* LOCAL SIMULATIONS OF A SPIRAL ARM

* SETUP

* FEATHERING INSTABILITY VS WIGGLE INSTABILITY

e GLOBAL MODEL AND MAGNETIC FIELDS



SPIRAL ARM SUBSTRUCTURE
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HST Image of M51 feathers not clear Spacing ~ 500 pc



GASEOUS SHOCK ACROSS THE SPIRAL ARM
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Stability
SPIRAL ARM SUBSTRUCTURE analysis

perturbations

Numerical
simulations

Stable or Unstable?¢ (e.q.,
Kim+'02,'06)

0
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LOCAL BOX

e.g., Kim & Ostriker
‘02, ‘06, Kim+ 2014

lgnore curvature
in a tight-winding
galaxy

Pattern Rotation (orange)



NORMAL MODE ANALYSIS (FEATHERING INSTABILITY)

- Nonlinear background of the 1D spiral shock model
- Numerical dispersion relation of the linear instability

—Im ar

- wy IS The (complex) Doppler-shifted frequency
non-zero real part (left) indicates group velocity along
the arm

Peak of imaginary (right) indicates preferred scale (~ a
few 100pc)



No steady
shock

(when the disk STABILITY OF SPIRAL SHOCK

IS foo massive)

* Self-gravity

. (gas density) Feathering Instability

% (Lee & Shu 2012, Lee 2014)

‘e Larger spacing

i Guess: Separatione Transition?
Smaller spacing

Wiggle Instability
(Kim, Kim & Kim 2014)

No Shock (when
B is too strong)

Magnetic Field (B)
(mostly circular around the galaxy)



HYDRODYNAMIC SIMULATIONS
WITH SELF-GRAVITY

* WITH SELF-GRAVITY (TOOMRE'S Q~2)

KC
* NO MAGNETIC FIELD Q —

e RESULTS: T[GZO

SHEARING-TYPE INSTABILITY

OVERALL LINEAR STRUCTURE OF SPIRAL SHOCK IS
MAINTAINED

INSTABILITY STARTS FROM SMALL SCALE
NO PARTICULAR LENGTH SCALE IN THE LATE STAGE

HIGH-DENSITY CLUMPS ONLY IN THE SPIRAL ARM
(RED BLOBS)

Crossing time ~ 8.9 computational unit
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Lee, in prep.



MAGNETO-HYDRODYNAMIC SIMULATIONS

WITH SELF-GRAVITY

*  SELF-GRAVITY (TOOMRE'S Q~2)
* MAGNETIC FIELD (f = 1)
*  RESULTS:

FEATHERING INSTABILITY

FEATHER SPACING < 1 ARM-ARM DISTANCE

Crossing time ~ 8.9 computational unit
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Lee, in prep.



SUMMARY OF RESULTS*

*STRONG SPIRAL POTENTIAL (F~10%)

Small initially, many Wiggle
other modes in the Instability
nonlinear stage

Same as above Wiggle
Instability

NA NA or 1D
instability e

~1 arm-arm Feathering
distance Instability




RECAP..
Q~2

Effectively Q is
higher for MHD
case with the
magnetic pressure.

Without any
feedback, most
gas accretes into
the clumps




Unstable to axis-
symmetric
perturbations (for
Hydro case)




MAGNETIC FIELDS

/

Characteristic
spacing / growth
rate may be
calculated using
normal mode
analysis (Lee 2014)

fime



t =40.0000

Color background:
Surface density confrast
Arrows: Velocity difference

Contour: Magnetic field lines

Gravitational collapse
along the field lines

over-density>3




STABILITY OF SPIRAL S

Wiggle Instability

(Kim, Kim & Kim 2014) Stable spiral shock
No Shock (when

» B is foo strong)

Probably some threshold (no wiggle Magnetic Field (B)
w/ strong B)



SUMMARY

* THEORY OF SPIRAL ARM SUBSTRUCTURE

* ABLE TO PREDICT GAS DYNAMICS / MAGNETIC FIELDS NEAR THE
ARM

* SPACING MAY BE USED TO CONSTRAINT MAGNETIC FIELDS AND
OTHER FACTORS

* FUTURE WORK

* 3D MODEL (WEAKEN THE SHOCKS AND EFFECTS OF GAS SELF-
GRAVITY)

* MULTIPHASE ISM AND STELLAR FEEDBACK (AFFECT THE
EVOLUTION OF DENSE STRUCTURE OF DENSE STRUCTURE AND
“CLoubs”)

e HIGH RESOLUTION (TURBULENCE, GMCS ETC )

* GLOBAL MODEL (EFFECTS OF CURVATURE AND BACKGROUND
GALACTIC SHEAR)






HYDRODYNAMIC SIMULATIONS

*  NO SELF-GRAVITY

*  IGNORE POISSON'S EQUATION
*  NO MAGNETIC FIELD
*  RESULTS:

*  SHEARING-TYPE INSTABILITY

*  OVERALL LINEAR STRUCTURE OF SPIRAL SHOCK IS
MAINTAINED

* INSTABILITY STARTS FROM SMALL SCALES

*  NO PARTICULAR LENGTH SCALE IN THE LATE STAGE
(Y-DIRECTION)
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Crossing time ~ 8.9 computational unit Lee, in prep.



MAGNETO-HYDRODYNAMIC SIMULATIONS
WITHOUT SELF-GRAVITY

* NO SELF-GRAVITY
* WITH MAGNETIC FIELD (8 = 1)
*  RESULTS:

SHEARING-TYPE INSTABILITY IS SUPPRESSED
SPIRAL SHOCK IS WEAKENED

NO INSTABILITY FOR LONG-TIME EVOLUTION (~10
CROSS-TIME)

0--3—2-—10 123

Crossing time ~ 8.9 computational unit Lee, in prep.



GLOBAL SIMULATIONS  In collaboration with Hsiang-Hsu Wang
(VERY PRELIMINARY RESULTS)

10 " .
Initial Condition:;

Flat rotation curve

w/ rising part near

center. Corotation
10! at around 8 kpc

Circular Magnetic

Field (8 = 100)
P (External) stellar
10 spiral potential
grows gradually
10~!

-2 Low-res 512x512

Mg pc



Aim to study the
same physics in the
global model

Spiral shock forms as
in the local model




Wiggle instability
develops

Similar to previous
work, e.g., Wada+
2004, Shetty+ 2006

Need strong field
simulations. Expect
more density
stfructure can grow
inter-arm.




SUMMARY

MAGNETIC FIELDS ACT AS BOTH STABILIZING AND DESTABILIZING AGENT IN THE
SYSTEM:

*  STABILIZE: WEAKEN THE SHOCK, LOWER THE SHEAR

* DESTABILIZE: ALLOW GRAVITATIONAL COLLAPSE ALONG THE FIELD LINES

BOTH SELF-GRAVITY AND MAGNETIC FIELDS ARE NEEDED TO FORM FEATHERS
(SPACING LARGE ENOUGH TO MATCH OBSERVATIONS, ~0.1-1KPC)

IN THE LOCAL MODEL, WIGGLE (OR SHEARING) INSTABILITY LOOKS QUITE
DIFFERENT FROM FEATHERING INSTABILITY (WITH SELF-GRAVITY AND B FIELD)

IN THE GLOBAL MODEL, THE SUBSTRUCTURE MAY LOOK DIFFERENT FROM THE
LOCAL MODEL (IN PROGRESS)

COMPARISON TO THE THEORETICAL CALCULATION OF STABILITY IS ON-GOING



THANK YOU




Set-up

spiral arm

TIGHT-WINDING APPROXIMATION

DEFINING A LOCAL (CARTESIAN) SPIRAL
COORDINATE SYSTEM (17, &) (I.E., IGNORING
CURVATURE)

TO CONSTRUCT A DOUBLY-PERIODIC BOX AS THE
DOMAIN OF THE CALCULATION

ASSUMING NO (BACKGROUND) SHEAR IN THE BOX
(I.E., CONSTANT QQ ACROSS)

ASSUMING NO “BACK-REACTION": ONLY GASEOUS
RESPONSE TO THE STELLAR SPIRAL

+
center

~ galactocentric circle

Direction of circular flow

cbspiral X _COS(TI)

Lee & Shu 2012



SIMULATIONS SETUF

2D HYDRO / MHD SIMULAT

* GRID-BASED GODUNOV CODE

PERIODIC BOUNDARY CONDITIONS (BOTH X AND Y)

ISOTHERMAL EQUATION OF STATE
POISSON SOLVER FOR SELF-GRAVITY IN THIN-DISK GEOMETRY (FFTW 3)
INITIAL CONDITIONS:

*  UNIFORM FLOW ACROSS DIAGONAL (CIRCULAR DIRECTION)

*  UNIFORM DENSITY WITH 1% RANDOM FLUCTUATIONS (ZERO VEL.)

*  STELLAR SPIRAL POTENTIAL GROWS SLOWLY IN THE BEGINNING




IMPLICATIONS

TO BETTER UNDERSTAND THE FORMATION OF FEATHERS AND SPURS (WITH STAR
FORMATION|)

TO EXPLAIN THE “BEADS ON A STRING" PHENOMENON (STAR FORMING REGIONS
ALONG THE SPIRAL ARMS)

TO UNDERSTAND DIFFERENT MECHANISM OF THE FORMATION OF GIANT
MOLECULAR CLOUDS (WHERE THE STAR FORMS), E.G., CLOUDS COLLISION (TAN
2000), COLLAPSE OF FEATHERS (KIM & OSTRIKER 2002)

TO ANSWER THE DOUBT WHETHER STAR FORMATION IS TRIGGERED IN THE SPIRAL
ARM (I.E., IF Xgpp IS RELATED TO THE AMPLITUDE OF THE SPIRAL ARM) (C.F.,
ELMEGREEN+ 86, DOBBS+ 09 ETC ETC)



Kim & Ostriker 2002
a) w

Shearing-box simulation (MHD + self-gravity)

Feathers are leading near the shock and
trailing when they are farther.

It may be due to nonlinear mode-coupling of
linear modes.



GOVERNING MHD EQUATIONS (I}
IN THE PATTERN FRAME

where(w, ¢) is the polar coordinate on the plane, I is the vertically-
integrated pressure, Vo =V + %prz, and

is Lorentz force per unit mass.

Q,: pattern speed of the spiral sfructure




GOVERNING MHD EQUATIONS (Il)

INDUCTION EQUATION (MHD):

aB+\7><(B>< )=0
ot M=

POISSON EQUATION (FOR GAS SELF-GRAVITY):
V29 = 4nG26(2),
WHERE WE ASSUME THE RAZOR-THIN DISK GEOMETRY

GRAVITATIONAL POTENTIAL, V' IS A SUM OF THE CONTRIBUTIONS FROM STARS,
DARK MATTER, AND GAS (¢). EXCEPT FOR ¢p AND THE STELLAR SPIRAL
POTENTIAL, OTHER CONTRIBUTIONS ARE ASSUMED TO BE AXISYMMETRIC. WE
ASSUME A ROTATION CURVE Q = Q(@).

hX
EQUATION OF STATE: Tl = 2.V LNG)
0



BOUNDARY VALUE PROBLEM WITH
EIGENVALUES

FEATHER SPACING = WAVELENGTH OF THE PERTURBATION

AreaTHER = m Lorm

USING GALACTIC PARAMETERS FOR M51 AT 2KPC FROM THE CENTER (WITH
Qp, = 45 kMs~1kpc 1)

X;0 = 0.022, x40 = 0.02, f = 0.5,a = 0.15

v =-—0.9

i =21°

Larm = 2.1kpc



NGC 4062

Optically flocculent galaxies also have two-arm spiral structure in

their old stellar disk
The bisymmetric radial variation of the arm amplitude matches the

prediction from the modal theory of SDW

Opfical: hitp://astronote.org/note/files/objects/ngc05.htm
K-band: Puerari, Block, EImegreen, Frogel, and Eskridge (2000)



http://astronote.org/note/files/objects/ngc05.htm




