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ABSTRACT

We measure the gas disc thicknesses of the edge-on galaxy NGC 4013 and the less edge-
on galaxies (NGC 4157 and 5907) using CO (CARMA/OVRO) and/or H1 (EVLA)
observations. We also estimate the scale heights of stars and /or the star formation rate
(SFR) for our sample of five galaxies using Spitzer IR data (3.6 ym and 24 ym). We
derive the average volume densities of the gas and the SFR using the measured scale
heights along with radial surface density profiles. Using the volume density that is more
physically relevant to the SFR than the surface density, we investigate the existence of
a volumetric star formation law (SFL), how the volumetric SFL is different from the
surface-density SFL, and how the gas pressure regulates the SFR based on our galaxy
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Figure 1. CO (top) and H1 (bottom) integ:

ted intensity maps of NGC 4013, Contour lev
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Figure 2. The Spitzer 3.6 ym (top) and 24 pym (bottom) images of NGC 4013. Contour levels are 0.2 x 3.25" MJy sr~!, with n=0, 1,
2, 3, 4. The point-spread function of the images is shown in the lower right corner of each panel: 1.66” x 1.66" for 3.6 pm and 5.90” x

5.90” for 24 ym.
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Figure 3. H1 integrated intensity maps of NGC 4157 (top) and NGC 5907 (bottom). Contour levels are 750 2.3" K km s7', with n=0,
1, 2 for NGC 4157 and 360x%2.7" K km s7!, with n=0, 1, 2 for NGC 5907. The lowest contour level is 3o-. The synthesized beam is shown
in the lower right corner of each panel.
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Figure 4. Vertically integrated position-velocity diagrams of
NGC 4013 CO (top) and H1 (bottom) line emission. CO con-
tours are 2.4 x 1.8" K arcsec, with n=0, 1, 2, 3. H1 contour levels
are 90.0 x 2.1" K arcsec, with n=0, 1, 2, 3. The lowest contour
level is 3. The horizontal dotted lines indicate the heliocentric
systemic velocity of 835 ki s7!. The red circles represent the ob-
tained rotation velocities.
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Figure 5. Rotation curves of CO (red circle) and H1 (blue cross)
for NGC 4013.
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Figure 6. Left: Radial distributions of Iy, (red open squares), Zy; (blue open circles), and Zg (solid circles). The vertical error bars arve
the standard deviation of data points in the radial bins. Middle: stellar surface density profiles obtained from the GIPSY task RADPROF
(blue solid line) and the exponential disc model (red dashed line). The error bar on the lower left corner represents the largest difference

between the RADPROF and the model profiles except the central regions. Right: SFR surface density as a function of radius obtained
from Spitzer 24 pm imaging using RADPROF. The vertical error bars on the RADPROF profile show the standard deviation of each
point. The vertical error bar on the lower left corner shows a factor of 2 uncertainty obtained by comparing two different radial profiles
from the RADPROF and ELLINT tasks.
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Figure 8. Left: Molecular (red) and atomic (blue) gas scale heights in NGC 4013 as a function of radius measured by fitting a Gaussian
function to the vertical profiles of CO and H1. The open and filled circles show the blue-shifted and redshifted sides, respectively. The
vertical error bars show uncertainties of the nonlinear least-squares fit to the Gaussian function for the scale heights. The lines are linear
least-squares fits to all the data points and the fitting functions are shown on the top. The shaded regions around the lines represent
uncertainties of the best-fits. Right: Stellar scale height in NGC 4013 as a function of radius obtained by fitting an exponential function
to the vertical profiles of 3.6 gm. The red and blue lines show the blue-shifted and redshifted sides, respectively. The filled circles are
average values of both sides. The dashed line is the best fit (shown on the bottom) to the average values and the shaded region shows
the uncertainty of the fit.
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Figure 9. Exponential (red line) and sech? (blue line) fitting in NGC 4013 to the vertical profiles (filled circles) of 3.6 pym at radius 40"
(left), 80" (middle), and 110" (right).



pc)

24um Scale Height (

N ctatnctuka tonwuH SFR

1000 — ey —— 1000 ———————1— Ce
— Blueshifted NGC 891 — Blueshifted NGC 4013 |
— Redshifted =32 - — Redshifted =90
o 800F Average 1 % 800F . Average i
£ = I
= =
> 600 4 o 600} .
T T
@ @
g — g —— o
o 400 = - 1w 400 I 7
E I E S
= - = .
200} 1 & 200} .
- heen = (10.3 £ 0.4)r + (251.9 £ 2.9) - heen = (15.5 £ 1.1)r + (291.7 £ 5.4)
D_ 1 1 e L L | L | L D_u e by ey ey BT g e g B e g g B e g [Ty
0 5 10 15 0 2 4 6 8 10
Radius (kpc) Radius (kpc)
1000 TR T e s L S i S 1000 ————————— ST 1000 ———————— SRR
e Dat NGC 4157 | £ NGC 4565 " NGC 5907 |
ol Model = N - i ses | e sy i86° ]
g 8
p B — «
600 2 gool - LEe. 8 1 1 2 sool * ]
& % i ] ﬁwﬂ%’ % :1 unn::
; s | P lptiptaes | 2 [% 5 43 ﬁg-—-
400 400 [ . i 400 LS St ]
n A G 00T
200 1 & 200 1 & 200f .
haeg = 42.0r + 156.3 I her = 0.1r + 94.1 heer = 5.0r + 121.9
0 1 1 L1 0._ R L L L L 0 PR T SRR NN SR SR S S N P L
0 2 A B =3 0 =4 10} 15 a1 0N =4 10} 15 a1




3akoH K-S aonga NGC 4013...

10°

B
1 Ll 1 Ll

10-°

102

10~

p (Mg, pc?®)

10

10

10°

-1

1077

1 |||||||L'/ Ll 1 Ll 1

E T IIIIIII| T T T T TTIT IIIII|-|’J| T Illlllt F T IIIIIIII IIIIIIIII T Illlll}l T Illlllt
£ N4013 S ] - N4013 ~ ]
- k/J )z - o ‘\ff = —
C & o ] i pk‘i‘:}"“/ 4 ]
L L - | L Lt K i
[ er,' G_i\’ i | Q f/ o‘_q\/_," i
f( \ (’ Jf
:‘-10_1_— ! s =] s 102— T
L F P L F 3
> B T q > - =
) i ] O I Y
i - - o9 L )
1 ] B
a8 2 a 1 A8
il E 105 E
? F = ] @ F ]
s C 7 | = : ]
il L ," 4 e L 4
o o o .
[T r Fi T (19 B 2 T
éﬂ_ e .".:f {/
10 ¢ E 10°¢ z
- —o HI 1 - —o HI 1
B —e H, ] i —e H, |
L —= gas | s ; —= gas |

10° 10 102

¥ (M, pc2)

10°

Figure 14. Left: SFR volume density against Hs (red filled cirvele), H1 (blue open circle), and total gas (green filled square) volume
densities of NGC 4013. The vertical and horizontal error bars represent the uncertainties of the volume densities. Right: Zspr as a function
of Zy,, Iyp, and Egg for NGC 4013. The dashed lines show constant SFE and the gas depletion time (SFE™!) is labelled for the lines.
The vertical and horizontal error bars represent the uncertainties of the surface densities.
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The direct measurement of the vertical velocity dispersion is
not possible for an edge-on galaxy, since the velocity direc-
tion is perpendicular to the line of sight. Instead, we inferred
the dispersion by solving the Poisson equation assuming hy-
drostatic equilibrium given by Narayan & Jog (2002):

5 4rGpo,oc Lo
r. =

‘o —(d?pi/dz?) =0
where p; = pg; and dp;/dz = 0 at z = 0 (midplane). The
subscript i is for the gas (H, and H1) or stars (,). The to-
tal midplane volume density (pgo) is a summation of the

(10)

The numerical solution
are:

Og = .J 4HGh§ Po.tot>
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the dark matter would not be important in this study. We
obtained the volume densities by integrating a Gaussian dis-
tribution for gas and an exponential function for stars along
the vertical direction:

- Egaﬁ p e
g = . O = 55 -
& ;lga.,"gﬁ 2h.

(11)

s to equation (10) for gas and stars

e \/ 27GhZpior- (12)
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pressure is related to SFR. In Fig. 18 (left), we plot Zgpp as
a function of the hydrostatic midplane pressure calculated
from equation (13) given by Yim et al. (2011):

ry
Py = 0.39((;2*)“-52335%5 ) (13)
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Figure 18. Zgpr as a function of the hydrostatic midplane pressure (left) and pgpr as a function of the interstellar gas pressure (right).

The solid line represents an average slope of the five galaxies and the average slope is shown in the lower-right corner. The dashed line
in the left panel is the best-fit to simulation data given by Kim et al. (2013) and the power-law slope is 1.13.

R0l and the hydrostatic midplane pressure. The solid line
represents the best-fit power law of the galaxy sample and
the dashed line shows the best-fit relation from a dynamical
equilibrium model provided by Kim et al. (2013) based on

three-dimensional numerical hydrodynamic simulations:

1 : 1.13
ISER = 1.8x1073 (i) . (14)
Mg yr—! kpc—2 10?4 cm—3 K



