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● From diffuse clouds to dense cores

self-
gravitating

Gravity
vs.

Magnetic field
+

Turbulence

?

 tcore ~ 2-5 tff
        ~ 1 Myr

Core Formation Theory



quasi-static
ambipolar 
diffusion

t ~ 107 yr

☹ core lifetime too long

self-gravitating 
core

● How do magnetically supercritical cores form?

  ➣  Standard scenario of core evolution

  ➣  New model: turbulence-accelerated,
                                magnetically-regulated
                                core formation (Li & Nakamura 2004)

Core Formation Theory



Simulation Setup
● Include: 
        self-gravity
        perturbation field
        ambipolar diffusion
● cloud density:
         n0 = 1000 cm-3
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Structure Formation
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Kinematics

turbulence

filament forming in a slab filament forming in a cylinder
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Filament Structure
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turbulence vs. self-gravity



Observations
● CLASSy resultsOrigin of filaments and their role in core formation

Fernandez-Lopez et al. (2014)


Herschel  500 μm view


~0.3 km/s difference


N2H+ view


Serpens South

N2H+


Integrated 

Intensity


Herschel 

contours


Δvh2/(GM/L) = 0.3
(Mundy et al. in prep.)

Fernandez-Lopez et al. (2014)
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● How do magnetically supercritical cores form?
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Filament     Core Formation

( Δt = 0.1 Myr )time

● Which one forms first?
    ⇒ filament fragmentation vs. simultaneity
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Cores in Simulations
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Fig. 6.— The “spectrum” of column density (color map) and magnetic field (pink segments)
structure in the shocked gas layer for varying magnetic field parallel to the shock and ionization,
at the time that maximum density reaches 107 cm−3. Model parameters are given in Table 1.
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Fig. 7.— An illustration, using one simulation for each set of model parameters, of the cores
identified at the time tcollapse when the maximum density reaches 107 cm−3. Candidate core regions
are identified using the modified GRID core-finding method (yellow contours), and we only consider
the gravitationally bound sub-regions (red contours). The white dashed-line box in A20ID model
is the zoomed-in region shown in Figure 13 (note that the simulation box is periodic in x- and
y-directions).
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Statistical Results
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total

mean

median

std

std/mean

quartile1

quartile2

5.446 3.397 2.780 2.120 4.511 2.553 4.603 4.450 2.900

2.922 3.747 3.352 4.768 3.670 1.343 3.329 1.505 1.408

4.496 3.835 2.150 3.681 3.697 1.533 2.087 4.322 1.973

7.287 3.541 4.042 4.740 3.948 2.417 5.346 3.326 2.955

3.984 3.407 3.749 2.168 2.402 2.489 5.139 1.473 2.418

6.289 2.593 2.980 3.011 2.477 2.823 1.483 4.631 2.575

3.095 5.128 2.753 3.452 3.290 2.850 4.949 3.409 0.784

3.120 4.117 2.434 3.034 3.612 2.479 4.068 3.808 3.340

3.053 4.687 1.530 7.539 3.047 1.799 3.531 4.045 2.392

4.053 4.330 1.709 3.816 4.309 2.402 4.493 3.523 2.119

7.117 4.871 1.554 4.353 4.615 3.004 3.108 3.428 1.692

5.797 4.912 1.830 5.641 2.170 1.906 6.357 5.508 1.133

2.471 2.790 1.920 3.659 2.790 1.980 3.687 3.312 1.931

4.141 4.365 3.035 4.306 2.601 3.271 2.086 2.66 1.615

5.046 1.361 3.304 4.285 3.715 4.697 3.425 1.948 2.22

5.663 3.718 3.672 3.269 4.549 2.363 4.090 2.917 2.067

4.582 4.545 2.805 2.259 2.714 2.462 3.886 3.726 2.071

2.444 3.417 3.102 2.959 4.127 2.240 2.995 2.852 2.67

3.621 3.734 1.975 4.287 3.403 4.204 5.959 3.241 2.206

5.055 3.326 3.626 4.835 2.674 1.309 2.808 3.357 2.533

4.190 2.283 3.584 3.321 3.763 4.641 4.564 3.598 0.9127

6.842 3.293 2.201 6.851 2.290 2.878 4.156 3.468

4.683 3.680 1.562 2.277 3.737 2.94 3.686 2.389

3.961 4.419 4.021 5.188 3.364 2.232 5.709 3.237

3.962 3.262 2.832 1.870 4.132 3.757 2.789 2.627

3.229 2.613 2.197 4.213 4.798 2.012 3.116 2.628

2.907 3.054 3.403 4.729 4.151 2.918 2.864 1.497

5.477 4.740 3.094 4.2 2.51 3.457 5.370 2.636

2.362 5.172 2.698 4.66 5.242 2.413 1.829 3.896

4.212 3.363 3.171 1.754 3.243 3.935 2.801 3.266

2.667 4.8 2.257 3.252 3.355 1.674 3.688 2.258

4.65 5.287 2.194 4.166 2.612 3.445 2.236 1.261

2.888 3.113 1.494 3.442 4.326 2.403 1.202 1.780

3.491 3.787 1.334 4.953 3.185 2.791 2.182 2.799

3.539 3.359 1.433 2.291 2.968 4.008 3.417

5.896 2.721 3.750 3.278 2.252 3.192 1.882

5.516 1.924 3.354 3.176 2.976 1.170

6.268 2.966 1.710 2.971 3.126 1.978

3.646 4.934 1.819 2.416 4.843

6.093 2.529 3.213 3.733 3.639

3.950 2.396 4.121 5.610

3.782 3.424 2.225 4.362

4.471 1.084 2.5

2.294 1.976 1.770

3.835 3.071 3.401

1.991 3.447 2.748

5.313 3.986 2.601

4.941 2.595 5.247

4.345 1.771 2.821

2.642 1.712

2.752 3.864

2.659

1.702

3.699

0.25

0.75 0 0 0 0 0 0 0 0 2

1.25 0 1 4 0 0 2 2 4 2

1.75 0 2 11 2 3 5 1 5 4

2.25 3 2 7 4 7 12 4 2 7

2.75 4 6 9 1 12 8 6 7 5

3.25 5 10 12 7 10 4 6 10 1

3.75 6 10 6 3 10 2 6 5 0

4.25 5 6 2 7 6 1 6 3 0

4.75 3 8 0 6 4 2 4 1 0

5.25 4 4 0 1 2 0 3 0 0

5.75 4 0 0 1 0 0 3 1 0

6.25 3 0 0 0 0 0 1 0 0

6.75 1 0 0 1 0 0 0 0 0

7.25 2 0 0 0 0 0 0 0 0

7.75 0 0 0 1 0 0 0 0 0

40 49 51 34 54 36 42 38 21

4.4040 3.7151 2.6425 3.9135 3.2956 2.6900 3.6995 2.9797 2.0912

4.1655 3.7340 2.7520 3.9910 3.2840 2.4840 3.6625 3.2390 2.1190

1.3720 0.9711 0.8093 1.3095 0.8742 0.8339 1.2447 1.0048 0.6657

31.15% 26.14% 30.63% 33.46% 26.52% 31.00% 33.65% 33.72% 31.83%

3.20175 3.113 1.948 3.0885 2.60375 2.238 2.892 2.29075 1.692

5.48675 4.471 3.328 4.71175 3.83875 2.977 4.54625 3.50925 2.533
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Fig. 11.— The statistical distribution of normalized core mass-to-flux ratio Γ from all simulations

combined. Models with low ionization (blue) preferentially have higher Γ, whereas models with

ideal MHD (red) have lower Γ.

2008; Troland & Crutcher 2008). In addition, the color-coded histogram in Figure 11 shows how

the mass-to-flux ratio depends on magnetization: the high-end region (Γ � 5) is comprised of blue-

green pieces (which represent models with lower ionization), while the low-end tail is mostly red and

orange (highly ionized models). Note that essentially all of the cores in our simulations are magnet-

ically supercritical (Γ > 1), which is self-consistent with our core-finding criterion (gravitationally

bound; Eg + Eth + EB < 0).

The tendency of models with lower ionization to form cores with higher mass-to-flux ratio

is very clearly seen in Figure 9 (bottom right). The median value of the core mass-to-flux ratio

also decreases with increasing θ as the value of the upstream Bx = B0 sin θ increases. Also from

Figure 9 (top right), the average core magnetic fields show a similar tendency as in post-shock

magnetic field (see Table 2), which decrease at lower ionization fractions for models with same

pre-shock magnetic field structure (same θ). The larger and more systematic variation of B than

M with model parameters suggests that the core mass-to-flux ratio is not decided by the core

mass, but by the core magnetic field. This is also shown in Figure 12, where we binned the data by

Mcore and calculated the average core mass-to-flux ratio in each bin for different models. For cores

with similar mass, the mass-to-flux ratios of cores formed in environments with low ionization and

magnetization are much higher than those with stronger and better coupled magnetic fields.
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0.01 0.10

Core Size distribution

L (pc)

HD log D A5X3 log D A5X10 log D A5ID log D A20X3 log D A20X10 log D A20ID log D A45X3 log D A45X10 log D A45ID log D

-2.05
-1.95
-1.85
-1.75
-1.65
-1.55
-1.45
-1.35
-1.25
-1.15
-1.05
-0.95
total

mean
median
std
std/mean
quartile1
quartile2

1,742 -1.234223 540 -1.403775 375 -1.456562 695 -1.367244 80 -1.680209 26 -1.842915 185 -1.558849 193 -1.552720 1,358 -1.270273 52 -1.742572
137 -1.602333 133 -1.606622 311 -1.483653 238 -1.522380 2,195 -1.200761 155 -1.584462 80 -1.680209 174 -1.567723 33 -1.808401 240 -1.521169

2,248 -1.197307 1,511 -1.254818 109 -1.635431 118 -1.623945 179 -1.563622 86 -1.669740 36 -1.795805 35 -1.799883 194 -1.551972 329 -1.475507
52 -1.742572 1,311 -1.275372 1,822 -1.227723 1,389 -1.267005 1,389 -1.267005 122 -1.619119 515 -1.410637 755 -1.355257 816 -1.344009 437 -1.434412
83 -1.674880 138 -1.601280 55 -1.734452 211 -1.539812 41 -1.776978 101 -1.646466 279 -1.499371 1,434 -1.262390 122 -1.619119 74 -1.691495
55 -1.734452 195 -1.551228 60 -1.721856 1,551 -1.251035 59 -1.724289 152 -1.587292 1,090 -1.302097 39 -1.784218 873 -1.334235 609 -1.386367

587 -1.391693 49 -1.751174 363 -1.461271 767 -1.352974 131 -1.608816 35 -1.799883 558 -1.399028 142 -1.597143 30 -1.822199 67 -1.705881
1,045 -1.308201 151 -1.588247 296 -1.490809 221 -1.533109 131 -1.608816 812 -1.344721 111 -1.632798 124 -1.616765 78 -1.683875 605 -1.387321

304 -1.486948 34 -1.804080 66 -1.708058 34 -1.804080 470 -1.423873 521 -1.408960 32 -1.812856 317 -1.480886 38 -1.787978 2,293 -1.194438
34 -1.804080 202 -1.546122 1,254 -1.281807 48 -1.754159 60 -1.721856 37 -1.791839 199 -1.548288 184 -1.559633 163 -1.577177 316 -1.481344

732 -1.359736 609 -1.386367 78 -1.683875 32 -1.812856 542 -1.403240 245 -1.518184 354 -1.464905 75 -1.689552 243 -1.519371 128 -1.612169
3,593 -1.129420 1,015 -1.312417 135 -1.604461 32 -1.812856 285 -1.496291 142 -1.597143 70 -1.699540 1,543 -1.251784 301 -1.488384 788 -1.349064

32 -1.812856 29 -1.827107 117 -1.625177 58 -1.726763 240 -1.521169 32 -1.812856 30 -1.822199 627 -1.382150 313 -1.482725 184 -1.559633
380 -1.454645 34 -1.804080 280 -1.498853 220 -1.533765 71 -1.697487 30 -1.822199 44 -1.766755 120 -1.621512 151 -1.588247 48 -1.754159
711 -1.363950 114 -1.628938 41 -1.776978 217 -1.535753 2,300 -1.193997 236 -1.523602 545 -1.402441 298 -1.489834 33 -1.808401 621 -1.383542
142 -1.597143 373 -1.457336 199 -1.548288 1,971 -1.216344 77 -1.685742 190 -1.554988 38 -1.787978 557 -1.399288 42 -1.773490 728 -1.360529

1,213 -1.286619 656 -1.375605 589 -1.391201 296 -1.490809 46 -1.760320 215 -1.537093 42 -1.773490 65 -1.710268 588 -1.391447 93 -1.658412
530 -1.406481 59 -1.724289 809 -1.345257 990 -1.316028 121 -1.620311 49 -1.751174 334 -1.473324 134 -1.605538 2,065 -1.209599 606 -1.387082
125 -1.615603 539 -1.404043 120 -1.621512 31 -1.817452 316 -1.481344 78 -1.683875 1,329 -1.273398 53 -1.739814 850 -1.338100 993 -1.315590

1,318 -1.274601 1,249 -1.282385 116 -1.626420 1,788 -1.230450 940 -1.323530 91 -1.661559 90 -1.663159 41 -1.776978 107 -1.638111 1184 -1.290122
116 -1.626420 264 -1.507371 41 -1.776978 435 -1.435076 151 -1.588247 113 -1.630213 122 -1.619119 457 -1.427934 87 -1.668066 214 -1.537768

3,678 -1.126035 572 -1.395441 110 -1.634108 263 -1.507921 748 -1.356606 178 -1.564433 285 -1.496291 45 -1.763502 80 -1.680209
27 -1.837451 1035 -1.309593 104 -1.642228 36 -1.795805 27 -1.837451 49 -1.751174 759 -1.354492 190 -1.554988 1,420 -1.263810
86 -1.669740 269 -1.504655 247 -1.517007 76 -1.687635 830 -1.341547 185 -1.558849 626 -1.382381 38 -1.787978 230 -1.527330
94 -1.656863 70 -1.699540 308 -1.485056 326 -1.476834 46 -1.760320 46 -1.760320 792 -1.348331 379 -1.455026 571 -1.395694

1,131 -1.296752 152 -1.587292 54 -1.737108 214 -1.537768 1,483 -1.257526 84 -1.673146 112 -1.631500 160 -1.579866 174 -1.567723
124 -1.616765 218 -1.535087 583 -1.392683 242 -1.519968 466 -1.425111 186 -1.558068 338 -1.471600 215 -1.537093 390 -1.450885
598 -1.389006 375 -1.456562 956 -1.321087 65 -1.710268 300 -1.488866 79 -1.682030 40 -1.780553 3,059 -1.152713 47 -1.757207
987 -1.316467 99 -1.649361 1170 -1.291844 275 -1.501462 343 -1.469475 106 -1.639471 166 -1.574537 117 -1.625177 509 -1.412333
350 -1.466550 1004 -1.313995 61 -1.719463 204 -1.544696 32 -1.812856 101 -1.646466 480 -1.420826 121 -1.620311 544 -1.402706
172 -1.569397 70 -1.699540 504 -1.413763 324 -1.477724 192 -1.553472 59 -1.724289 49 -1.751174 771 -1.352221 228 -1.528594

61 -1.719463 1925 -1.219762 693 -1.367662 117 -1.625177 725 -1.361127 120 -1.621512 263 -1.507921 75 -1.689552 34 -1.804080
53 -1.739814 73 -1.693465 116 -1.626420 44 -1.766755 51 -1.745383 511 -1.411766 46 -1.760320 107 -1.638111

125 -1.615603 845 -1.338954 81 -1.678411 948 -1.322303 156 -1.583531 1784 -1.230774 216 -1.536421 76 -1.687635
28 -1.832187 154 -1.585399 101 -1.646466 71 -1.697487 573 -1.395188 1,777 -1.231344 264 -1.507371

1,340 -1.272204 138 -1.601280 191 -1.554228 183 -1.560422 1,180 -1.290612 89 -1.664776 90 -1.663159
150 -1.589209 47 -1.757207 151 -1.588247 44 -1.766755 491 -1.417546 484 -1.419624
206 -1.543284 656 -1.375605 50 -1.748249 188 -1.556520 176 -1.566068 148 -1.591152
647 -1.377605 555 -1.399808 105 -1.640843 37 -1.791839 210 -1.540500
243 -1.519371 82 -1.676635 56 -1.731843 76 -1.687635 30 -1.822199

441 -1.433093 318 -1.480430 240 -1.521169 570 -1.395948
306 -1.485999 419 -1.440501 65 -1.710268 928 -1.325390
769 -1.352597 79 -1.682030 195 -1.551228
105 -1.640843 42 -1.773490 140 -1.599197
62 -1.717109 394 -1.449407 74 -1.691495
29 -1.827107 205 -1.543988 1,059 -1.306274

1,442 -1.261584 156 -1.583531 41 -1.776978
1,752 -1.233395 1,741 -1.234306 68 -1.703736

44 -1.766755 309 -1.484587 1,302 -1.276369
275 -1.501462 80 -1.680209
748 -1.356606 42 -1.773490

403 -1.446138
464 -1.425733

81 -1.678411
553 -1.400331

total

-2 0.0100 0 0.01 0 0 0 0 0 0 0 0 0 size count
-1.9 0.0126 0 0 0 0 0 0 0 0 0 0 0.0126 0
-1.8 0.0158 3 5 4 7 6 11 8 7 7 1 0.0158 59
-1.7 0.0200 6 0.02 4 9 7 5 12 3 5 5 4 0.0200 60
-1.6 0.0251 6 9 10 8 6 18 5 12 8 2 0.0251 84
-1.5 0.0316 3 8 9 15 5 4 7 6 7 4 0.0316 68
-1.4 0.0398 5 6 8 5 5 1 8 7 5 6 0.0398 56
-1.3 0.0501 5 0.05 7 6 3 5 2 4 3 5 3 0.0501 43
-1.2 0.0631 2 1 2 3 2 0 1 2 1 1 0.0631 15
-1.1 0.0794 2 0 1 1 0 1 0 0 0 0

-1 0.1000 0 0.1 0 0 0 0 0 0 0 0 0
30 40 48 48 34 48 36 42 38 21

-1.4928 -1.5238 -1.5382 -1.5505 -1.5324 -1.6272 -1.5398 -1.5488 -1.5527 -1.4871
-1.4767 0.0667 -1.5392 0.0578 -1.5483 0.0566 -1.5378 0.0580 -1.5373 0.0580 -1.6465 0.0451 -1.5036 0.0627 -1.5629 0.0547 -1.5598 0.0551 -1.4755 0.0669
0.2078 0.1759 0.1684 0.1649 0.1878 0.1321 0.1759 0.1720 0.1696 0.1601

13.92% 11.54% 10.95% 10.64% 12.26% 8.12% 11.42% 11.11% 10.93% 10.77%
-1.660083 0.0437 -1.634044 0.0465 -1.683875 0.0414 -1.680221 0.0418 -1.694551 0.0404 -1.717278 0.0383 -1.685042 0.0413 -1.683358 0.0415 -1.677174 0.0421 -1.612169 0.0488
-1.314400 0.0970 -1.384176 0.0826 -1.392683 0.0810 -1.477279 0.0666 -1.371655 0.0850 -1.557294 0.0554 -1.401587 0.0793 -1.420143 0.0760 -1.414156 0.0771 -1.383542 0.0827

0.02 0.05 0.1

Core Size distribution

L (pc)

HD
A5X3
A20X3
A45X3
A5X10
A20X10
A45X10
A5ID
A20ID
A45ID

0

2

3

5

6

-1.9 -1.8 -1.7 -1.6 -1.5 -1.4 -1.3 -1.2

HD

Untitled 1

0

2

5

7

9

-1.9 -1.8 -1.7 -1.6 -1.5 -1.4 -1.3 -1.2

A5X3

Untitled 1

0

3

5

8

10

-1.9 -1.8 -1.7 -1.6 -1.5 -1.4 -1.3 -1.2

A5X10

Untitled 1

0

4

8

11

15

-1.9 -1.8 -1.7 -1.6 -1.5 -1.4 -1.3 -1.2

A5ID

Untitled 1

0

2

3

5

6

-1.9 -1.8 -1.7 -1.6 -1.5 -1.4 -1.3 -1.2

A20X3

Untitled 1

0

5

10

15

20

-1.9 -1.8 -1.7 -1.6 -1.5 -1.4 -1.3 -1.2

A20X10

Untitled 1

0

2

4

6

8

-1.9 -1.8 -1.7 -1.6 -1.5 -1.4 -1.3 -1.2

A20ID

Untitled 1

0

4

8

11

15

-1.9 -1.8 -1.7 -1.6 -1.5 -1.4 -1.3 -1.2

A45X3

Untitled 1

0

2

4

6

8

-1.9 -1.8 -1.7 -1.6 -1.5 -1.4 -1.3 -1.2

A45X10

Untitled 1

0

2

3

5

6

-1.9 -1.8 -1.7 -1.6 -1.5 -1.4 -1.3 -1.2

A45ID

Untitled 1

0

10

20

30

40

50

60

70

0.10 1.00

Core Mass distribution

co
un

t

M (solar mass)

HD
A5X3
A20X3
A45X3
A5X10
A20X10
A45X10
A5ID
A20ID
A45ID

A5X3
A20X3
A45X3
A5X10
A20X10
A45X10
A5ID
A20ID
A45ID

0.01 0.10

Core Size distribution

L (pc)

HD log D A5X3 log D A5X10 log D A5ID log D A20X3 log D A20X10 log D A20ID log D A45X3 log D A45X10 log D A45ID log D

-2.05
-1.95
-1.85
-1.75
-1.65
-1.55
-1.45
-1.35
-1.25
-1.15
-1.05
-0.95
total

mean
median
std
std/mean
quartile1
quartile2

1,742 -1.234223 540 -1.403775 375 -1.456562 695 -1.367244 80 -1.680209 26 -1.842915 185 -1.558849 193 -1.552720 1,358 -1.270273 52 -1.742572
137 -1.602333 133 -1.606622 311 -1.483653 238 -1.522380 2,195 -1.200761 155 -1.584462 80 -1.680209 174 -1.567723 33 -1.808401 240 -1.521169

2,248 -1.197307 1,511 -1.254818 109 -1.635431 118 -1.623945 179 -1.563622 86 -1.669740 36 -1.795805 35 -1.799883 194 -1.551972 329 -1.475507
52 -1.742572 1,311 -1.275372 1,822 -1.227723 1,389 -1.267005 1,389 -1.267005 122 -1.619119 515 -1.410637 755 -1.355257 816 -1.344009 437 -1.434412
83 -1.674880 138 -1.601280 55 -1.734452 211 -1.539812 41 -1.776978 101 -1.646466 279 -1.499371 1,434 -1.262390 122 -1.619119 74 -1.691495
55 -1.734452 195 -1.551228 60 -1.721856 1,551 -1.251035 59 -1.724289 152 -1.587292 1,090 -1.302097 39 -1.784218 873 -1.334235 609 -1.386367

587 -1.391693 49 -1.751174 363 -1.461271 767 -1.352974 131 -1.608816 35 -1.799883 558 -1.399028 142 -1.597143 30 -1.822199 67 -1.705881
1,045 -1.308201 151 -1.588247 296 -1.490809 221 -1.533109 131 -1.608816 812 -1.344721 111 -1.632798 124 -1.616765 78 -1.683875 605 -1.387321

304 -1.486948 34 -1.804080 66 -1.708058 34 -1.804080 470 -1.423873 521 -1.408960 32 -1.812856 317 -1.480886 38 -1.787978 2,293 -1.194438
34 -1.804080 202 -1.546122 1,254 -1.281807 48 -1.754159 60 -1.721856 37 -1.791839 199 -1.548288 184 -1.559633 163 -1.577177 316 -1.481344

732 -1.359736 609 -1.386367 78 -1.683875 32 -1.812856 542 -1.403240 245 -1.518184 354 -1.464905 75 -1.689552 243 -1.519371 128 -1.612169
3,593 -1.129420 1,015 -1.312417 135 -1.604461 32 -1.812856 285 -1.496291 142 -1.597143 70 -1.699540 1,543 -1.251784 301 -1.488384 788 -1.349064

32 -1.812856 29 -1.827107 117 -1.625177 58 -1.726763 240 -1.521169 32 -1.812856 30 -1.822199 627 -1.382150 313 -1.482725 184 -1.559633
380 -1.454645 34 -1.804080 280 -1.498853 220 -1.533765 71 -1.697487 30 -1.822199 44 -1.766755 120 -1.621512 151 -1.588247 48 -1.754159
711 -1.363950 114 -1.628938 41 -1.776978 217 -1.535753 2,300 -1.193997 236 -1.523602 545 -1.402441 298 -1.489834 33 -1.808401 621 -1.383542
142 -1.597143 373 -1.457336 199 -1.548288 1,971 -1.216344 77 -1.685742 190 -1.554988 38 -1.787978 557 -1.399288 42 -1.773490 728 -1.360529

1,213 -1.286619 656 -1.375605 589 -1.391201 296 -1.490809 46 -1.760320 215 -1.537093 42 -1.773490 65 -1.710268 588 -1.391447 93 -1.658412
530 -1.406481 59 -1.724289 809 -1.345257 990 -1.316028 121 -1.620311 49 -1.751174 334 -1.473324 134 -1.605538 2,065 -1.209599 606 -1.387082
125 -1.615603 539 -1.404043 120 -1.621512 31 -1.817452 316 -1.481344 78 -1.683875 1,329 -1.273398 53 -1.739814 850 -1.338100 993 -1.315590

1,318 -1.274601 1,249 -1.282385 116 -1.626420 1,788 -1.230450 940 -1.323530 91 -1.661559 90 -1.663159 41 -1.776978 107 -1.638111 1184 -1.290122
116 -1.626420 264 -1.507371 41 -1.776978 435 -1.435076 151 -1.588247 113 -1.630213 122 -1.619119 457 -1.427934 87 -1.668066 214 -1.537768

3,678 -1.126035 572 -1.395441 110 -1.634108 263 -1.507921 748 -1.356606 178 -1.564433 285 -1.496291 45 -1.763502 80 -1.680209
27 -1.837451 1035 -1.309593 104 -1.642228 36 -1.795805 27 -1.837451 49 -1.751174 759 -1.354492 190 -1.554988 1,420 -1.263810
86 -1.669740 269 -1.504655 247 -1.517007 76 -1.687635 830 -1.341547 185 -1.558849 626 -1.382381 38 -1.787978 230 -1.527330
94 -1.656863 70 -1.699540 308 -1.485056 326 -1.476834 46 -1.760320 46 -1.760320 792 -1.348331 379 -1.455026 571 -1.395694

1,131 -1.296752 152 -1.587292 54 -1.737108 214 -1.537768 1,483 -1.257526 84 -1.673146 112 -1.631500 160 -1.579866 174 -1.567723
124 -1.616765 218 -1.535087 583 -1.392683 242 -1.519968 466 -1.425111 186 -1.558068 338 -1.471600 215 -1.537093 390 -1.450885
598 -1.389006 375 -1.456562 956 -1.321087 65 -1.710268 300 -1.488866 79 -1.682030 40 -1.780553 3,059 -1.152713 47 -1.757207
987 -1.316467 99 -1.649361 1170 -1.291844 275 -1.501462 343 -1.469475 106 -1.639471 166 -1.574537 117 -1.625177 509 -1.412333
350 -1.466550 1004 -1.313995 61 -1.719463 204 -1.544696 32 -1.812856 101 -1.646466 480 -1.420826 121 -1.620311 544 -1.402706
172 -1.569397 70 -1.699540 504 -1.413763 324 -1.477724 192 -1.553472 59 -1.724289 49 -1.751174 771 -1.352221 228 -1.528594
61 -1.719463 1925 -1.219762 693 -1.367662 117 -1.625177 725 -1.361127 120 -1.621512 263 -1.507921 75 -1.689552 34 -1.804080

53 -1.739814 73 -1.693465 116 -1.626420 44 -1.766755 51 -1.745383 511 -1.411766 46 -1.760320 107 -1.638111
125 -1.615603 845 -1.338954 81 -1.678411 948 -1.322303 156 -1.583531 1784 -1.230774 216 -1.536421 76 -1.687635
28 -1.832187 154 -1.585399 101 -1.646466 71 -1.697487 573 -1.395188 1,777 -1.231344 264 -1.507371

1,340 -1.272204 138 -1.601280 191 -1.554228 183 -1.560422 1,180 -1.290612 89 -1.664776 90 -1.663159
150 -1.589209 47 -1.757207 151 -1.588247 44 -1.766755 491 -1.417546 484 -1.419624
206 -1.543284 656 -1.375605 50 -1.748249 188 -1.556520 176 -1.566068 148 -1.591152
647 -1.377605 555 -1.399808 105 -1.640843 37 -1.791839 210 -1.540500
243 -1.519371 82 -1.676635 56 -1.731843 76 -1.687635 30 -1.822199

441 -1.433093 318 -1.480430 240 -1.521169 570 -1.395948
306 -1.485999 419 -1.440501 65 -1.710268 928 -1.325390
769 -1.352597 79 -1.682030 195 -1.551228
105 -1.640843 42 -1.773490 140 -1.599197
62 -1.717109 394 -1.449407 74 -1.691495
29 -1.827107 205 -1.543988 1,059 -1.306274

1,442 -1.261584 156 -1.583531 41 -1.776978
1,752 -1.233395 1,741 -1.234306 68 -1.703736

44 -1.766755 309 -1.484587 1,302 -1.276369
275 -1.501462 80 -1.680209
748 -1.356606 42 -1.773490

403 -1.446138
464 -1.425733
81 -1.678411

553 -1.400331

total

-2 0.0100 0 0.01 0 0 0 0 0 0 0 0 0 size count
-1.9 0.0126 0 0 0 0 0 0 0 0 0 0 0.0126 0
-1.8 0.0158 3 5 4 7 6 11 8 7 7 1 0.0158 59
-1.7 0.0200 6 0.02 4 9 7 5 12 3 5 5 4 0.0200 60
-1.6 0.0251 6 9 10 8 6 18 5 12 8 2 0.0251 84
-1.5 0.0316 3 8 9 15 5 4 7 6 7 4 0.0316 68
-1.4 0.0398 5 6 8 5 5 1 8 7 5 6 0.0398 56
-1.3 0.0501 5 0.05 7 6 3 5 2 4 3 5 3 0.0501 43
-1.2 0.0631 2 1 2 3 2 0 1 2 1 1 0.0631 15
-1.1 0.0794 2 0 1 1 0 1 0 0 0 0

-1 0.1000 0 0.1 0 0 0 0 0 0 0 0 0
30 40 48 48 34 48 36 42 38 21

-1.4928 -1.5238 -1.5382 -1.5505 -1.5324 -1.6272 -1.5398 -1.5488 -1.5527 -1.4871
-1.4767 0.0667 -1.5392 0.0578 -1.5483 0.0566 -1.5378 0.0580 -1.5373 0.0580 -1.6465 0.0451 -1.5036 0.0627 -1.5629 0.0547 -1.5598 0.0551 -1.4755 0.0669
0.2078 0.1759 0.1684 0.1649 0.1878 0.1321 0.1759 0.1720 0.1696 0.1601

13.92% 11.54% 10.95% 10.64% 12.26% 8.12% 11.42% 11.11% 10.93% 10.77%
-1.660083 0.0437 -1.634044 0.0465 -1.683875 0.0414 -1.680221 0.0418 -1.694551 0.0404 -1.717278 0.0383 -1.685042 0.0413 -1.683358 0.0415 -1.677174 0.0421 -1.612169 0.0488
-1.314400 0.0970 -1.384176 0.0826 -1.392683 0.0810 -1.477279 0.0666 -1.371655 0.0850 -1.557294 0.0554 -1.401587 0.0793 -1.420143 0.0760 -1.414156 0.0771 -1.383542 0.0827
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HD log A5X3 log A5X10 log A5ID log A20X3 log A20X10 log A20ID log A45X3 log A45X10 log A45ID log 0.6757

total mass

-1.5
-1.3
-1.1
-0.9
-0.7
-0.5
-0.3
-0.1
0.1
0.3
0.5

total

mean
median
std
std/mean
quartile1
quartile2

1.62 0.2095 0.555 -0.256 0.478 -0.321 0.715 -0.146 0.187 -0.728 0.050 -1.3019 0.678 -0.169 0.509 -0.293 1.960 0.292 0.689 -0.162 0.4650
0.512 -0.2907 0.393 -0.406 0.361 -0.442 0.487 -0.312 2.230 0.348 0.344 -0.4634 0.101 -0.996 0.374 -0.427 0.071 -1.146 0.875 -0.058
2.38 0.3766 1.840 0.265 0.856 -0.068 0.318 -0.498 0.313 -0.504 0.223 -0.6517 0.085 -1.070 0.071 -1.149 0.390 -0.409 1.010 0.004

0.0639 -1.1945 2.020 0.305 1.630 0.212 1.950 0.290 2.110 0.324 0.651 -0.1864 1.270 0.104 1.740 0.241 1.720 0.236 1.140 0.057
0.54 -0.2676 0.170 -0.770 0.198 -0.703 0.591 -0.228 0.075 -1.127 0.363 -0.4401 1.020 0.009 2.320 0.365 0.195 -0.710 0.667 -0.176

0.0967 -1.0146 0.345 -0.462 0.160 -0.796 2.150 0.332 0.156 -0.807 0.220 -0.6576 1.270 0.104 0.034 -1.470 1.570 0.196 2.110 0.324
0.656 -0.1831 0.131 -0.883 1.280 0.107 0.892 -0.050 0.365 -0.438 0.104 -0.9830 1.060 0.025 0.814 -0.089 0.534 -0.272 0.096 -1.019

1.2 0.0792 0.276 -0.559 0.785 -0.105 0.411 -0.386 0.212 -0.674 1.400 0.1461 0.357 -0.447 0.393 -0.406 0.331 -0.480 1.920 0.283
0.591 -0.2284 0.116 -0.936 0.212 -0.674 0.047 -1.332 1.460 0.164 1.020 0.0086 0.137 -0.863 0.751 -0.124 0.581 -0.236 2.210 0.344
0.291 -0.5361 0.369 -0.433 2.220 0.346 0.067 -1.176 0.139 -0.857 0.173 -0.7620 0.492 -0.308 1.060 0.025 0.848 -0.072 0.640 -0.194

1.5 0.1761 1.390 0.143 0.552 -0.258 0.039 -1.413 1.210 0.083 0.783 -0.1062 0.713 -0.147 0.230 -0.638 0.408 -0.389 0.925 -0.034
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Fig. 8.— The statistical distribution of core mass (left) and size (right) from all models combined.

upstream magnetic field (Figure 9, top left). The median masses are within a factor 2.4 of the

mean of the whole distribution, 0.68 M⊙, or a factor 2 of the median of all core masses (0.47 M⊙).

Similarly, median core sizes vary only between 0.022 pc and 0.034 pc for the various parameter

sets, with a median of 0.03 pc. Note that we chose to compare median values between different

parameter sets in Figure 9 instead of mean values used in Table 3, because an average can be

affected by any single value being high or low relative to the other samples. The median value, on

the other hand, represents the central tendency better, and with the ±25% values we can have a

better understanding of the sample distribution.

We note in particular that for the θ = 20
◦

and θ = 45
◦

ideal MHD cases, the masses in

Figure 8 and 9 are more than an order of magnitude lower than the limits for a spherical region

at post-shock conditions to be magnetically supercritical, as listed in Table 1 and 2. This implies

that the low-mass bound cores found in the simulations did not form isotropically. We discuss this

further in Section 6.

To further investigate the relationship between core masses and sizes, we binned the data set

by log Lcore and calculate the average core mass and mean density for different model parameters.

The results are shown in Figure 10, where we chose four models with different magnetization and

ionization levels to compare: HD (hydrodynamics; no magnetization), A5X3 (low ionization, weak

upstream magnetic field parallel to the shock), A20X10 (moderate ionization and magnetic field),

and A45ID (ideal MHD, strong magnetic field). In both the mass-size and density-size plots, the

● Models with same pre-shock pressure
    ⇒ similar core masses, with or without AD

– 9 –

In a magnetized medium with magnetic field B, the ratio of mass to magnetic flux for a region

to be magnetically supercritical4 can be written as

M

ΦB

����
mag,crit

≡ 1

2π
√

G
. (13)

With M = 4πR3ρ/3 and ΦB = πR2B for a spherical volume at ambient density ρ, this gives

Mmag,sph =
9

128π2G3/2

B3

ρ2
= 14 M⊙

�
B

10 µG

�3 � n

1000 cm−3

�−2
. (14)

and

Rmag,sph =
3

8π
√

G

B

ρ
= 0.4 pc

�
B

10 µG

� � n

1000 cm−3

�−1
, (15)

A spherical region must have M > Mth,sph as well as M > Mmag,sph to be able to collapse. In the

cloud environment (the pre-shock region), B ∼ 10 µG and n ∼ 1000 cm−3 are typical. Comparing

Equation (11) and (14), the magnetic condition is more strict than the thermal condition; if cores

formed from a spherical volume, the mass would have to exceed ∼ 10 M⊙ in order to collapse.

This value is much larger than the typical core mass (∼ 1 M⊙) identified in observations. This

discrepancy is the reason why traditionally ambipolar diffusion is invoked to explain how low-mass

cores become supercritical.

We can examine the ability for magnetically supercritical cores to form isotropically in a post-

shock layer. The normalized mass-to-flux ratio

Γ ≡ M

ΦB
· 2π

√
G (16)

of a spherical volume with density ρ, magnetic field B, and mass M is

Γsph =
8π
√

G

3

�
3

4π

�1/3

M1/3ρ2/3B−1

= 0.4

�
M

M⊙

�1/3 � n

1000 cm−3

�2/3
�

B

10 µG

�−1

. (17)

Or, with Σ = 4Rρ/3 ≡ µnNn for a sphere, we have

Γsph = 2π
√

G · Σ
B

= 0.6

�
Nn

1021 cm−2

� �
B

10 µG

�−1

. (18)

Considering the cloud parameters from Figure 1 (M = 10, B0 = 10 µG, n0 = 1000 cm−3), the

post-shock density and magnetic field are approximately nps ∼ 104 cm−3 and Bps ∼ 50 µG when

θ > θcrit. A solar-mass spherical region in this shocked layer will have Γps,sph ≈ 0.37; spherical

4See Section 3.3 for more detailed discussion about the critical value of M/ΦB .
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 Methods & Parameters
•  MHD code: Athena; Lbox=1 pc
•  Ideal MHD; cloud density = 103 cm-3

•  Oblique shock with θ = 20º
•  Include turbulence in inflowing gas
•  Structures grow from self-gravity in 
   shocked layer
•  Varying upstream magnetic field: 
   B0 = 5, 10, 20 μG
•  Varying inflow velocity: 
   Mach number = v0/cs = 5, 10, 20

 Abstract
In GMCs, shocks in the turbulent flow create high-density regions, in which filaments grow and then fragment gravitationally into 
prestellar cores. This process is influenced by the cloud’s magnetic field, which is also amplified during the shock. In our previous 
work (Chen & Ostriker 2014), we showed that in typical GMC environments, the turbulence-compressed regions are strongly-
magnetized sheet-like layers. Within these layers, dense filaments and embedded self-gravitating cores form via gathering material 
along the magnetic field lines. This anisotropic core formation model can explain the magnetically supercritical cores are commonly 
observed even in a strongly magnetized medium. Here, following Chen & Ostriker (2014), we extend the parameter space of the 
three-dimensional, turbulent MHD core formation simulations. We confirm the anisotropic core formation model, and quantify how 
the scalings of median core properties depend on the pre-shock inflow velocity and upstream magnetic field strength.
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Model
inflow conditions steady-state solutions simulated post-shock properties

v0 B0 nps Bps nps Bps LJ Lmag

(km/s) (µG) (103 cm−3) (µG) (103 cm−3) (µG) (pc) (pc)
M10B5 2 5 22.7 52.2 32.8 59.7 0.12 0.09
M10B10 2 10 9.44 55.1 18.8 65.8 0.17 0.18
M10B20 2 20 3.35 52.0 10.2 66.3 0.22 0.34
M5B10 1 10 3.19 23.4 8.90 31.4 0.24 0.18
M10B10 2 10 9.44 55.1 18.8 65.8 0.17 0.18
M20B10 4 10 24.8 117.8 32.9 122 0.12 0.19

M

ΦB

����
cyl

=
πR2Lmag · ρps

πR2 ·Bps
=

1
2π
√

G
(23)

LJ = cs

�
π

Gρps
(24)

Mcrit,J = 1.26
cs

3

�
G3ρps

∝M−1/2B0
1/2 (25)

Rcrit,J = 0.48
cs�
Gρps

∝M−1/2B0
1/2 (26)

ρ� =
L

2R
ρps (27)
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Table 3: Results from identified cores measured at t = tcollapse.

Model # Cores CFE¶ tcollapse
§ ncore Rcore

‡ Mcore Bcore Γcore

Identified� (%) (Myr) (105 cm−3) (pc) (M⊙) (µG) (normalized)

M5B10 45 7.01 0.86 3.7 0.020 0.75 56 2.4

M10B10 30 3.65 0.53 4.9 0.014 0.45 69 2.1

M20B10 28 0.81 0.43 11 0.009 0.23 156 1.2

M10B5 46 1.18 0.58 7.7 0.011 0.25 89 2.1

M10B10 30 3.65 0.53 4.9 0.014 0.45 69 2.1

M10B20 59 3.90 0.63 6.9 0.015 0.55 103 1.7

�We only consider gravitationally bound cores with Egrav + Ethermal + EB < 0.
¶CFE is the ratio of the total mass in cores to the total mass in the shocked layer at tcollapse.
†Columns (5)−(9) are averaged over all cores for each parameter set (6 simulation runs).
§Collapse is defined as the time when nmax = 107 cm−3 in each simulation. The tcollapse shown here is

the mean value over all 6 runs for each parameter set.
‡Rcore is calculated from the total number of zones N within a core, for an equivalent spherical volume:

Rcore = (3N/(4π))1/3∆x, where ∆x = 1/512 pc (cases withM = 10, 20) or 1/256 pc (cases withM = 5)

is the grid size.

5. Core Properties

Similar to CO14, we define the timescale at which nmax ≥ 107 cm−3 as the moment tcollapse

when the most evolved core starts to collapse, then identify cores formed at this time and measure

their physical properties. The results are summarized in Table 3, and Figure 3 shows examples of

structures formed in the post-shock layer with different cloud properties.

From Equations (4), (5), and (6), we expect to see the relationship between core properties

and the inflow Mach number:

ρcore ∝M2, Mcore ∝M−1, Rcore ∝M−1. (14)

The core’s mean density, mass, and size distributions from simulations are shown in Figures 6, 4,

and 5.

6. Quantitative Analysis

A critical Bonnor-Ebert sphere would have the outer boundary at radius

RBE = 2.7
cs

(4πGρ̄)
1/2

(15)

Summary of the post-shock properties measured from simulations

B0

v0v0

B0

v0v0

L > Lmag

Thermally supercritical: !

Magnetically critical, Isotropic

filament formed in 
post-shock layer

and
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Model
inflow conditions steady-state solutions simulated post-shock properties

v0 B0 Pth,0
† nps Bps nps Bps PB,ps

† Lmag

(km/s) (µG) (10−10) (103 cm−3) (µG) (103 cm−3) (µG) (10−10) (pc)
M5B10 1 10 1.53 3.19 23.4 8.90 31.4 1.39 0.18
M10B10 2 10 1.53 9.44 55.1 18.8 65.8 1.71 0.18
M20B10 4 10 1.53 24.8 117.8 32.9 122 1.75 0.19
M10B5 2 5 0.38 22.7 52.2 32.8 59.7 0.40 0.09
M10B10 2 10 1.53 9.44 55.1 18.8 65.8 1.72 0.18
M10B20 2 20 6.13 3.35 52.0 10.2 66.3 5.89 0.34

†Pth = ρv2 is the thermal pressure, while PB = B2/8π the magnetic pressure. In magnetized shocks, Pth,0 ≈ PB,ps.

2R ∼ LJ(ρ�) (23)

R =
πcs

2

2GρpsL
, M = πR2Lρps =

(πcs)4

2G3/2Bps

Lmag

L
(24)

M

ΦB

����
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=
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√
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Model
inflow conditions steady-state solutions simulated post-shock properties

v0 B0 Pth,0
† nps Bps nps Bps PB,ps

† Lmag

(km/s) (µG) (10−10) (103 cm−3) (µG) (103 cm−3) (µG) (10−10) (pc)
M5B10 1 10 1.53 3.19 23.4 8.90 31.4 1.39 0.18
M10B10 2 10 1.53 9.44 55.1 18.8 65.8 1.71 0.18
M20B10 4 10 1.53 24.8 117.8 32.9 122 1.75 0.19
M10B5 2 5 0.38 22.7 52.2 32.8 59.7 0.40 0.09
M10B10 2 10 1.53 9.44 55.1 18.8 65.8 1.72 0.18
M10B20 2 20 6.13 3.35 52.0 10.2 66.3 5.89 0.34

†Pth = ρv2 is the thermal pressure, while PB = B2/8π the magnetic pressure. In magnetized shocks, Pth,0 ≈ PB,ps.

2R ∼ LJ(ρ�) (23)

R =
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● Core mass varies with inflow Mach number

● Bcore is within a factor of 2 of Bpost-shock
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Table 3: Results from identified cores measured at t = tcollapse.

Model # Cores CFE¶ tcollapse
§ ncore Rcore

‡ Mcore Bcore Γcore Mcore/MBE

Identified� (%) (Myr) (105 cm−3) (pc) (M⊙) (µG)
M5B10 34 6.55 0.83 2.7 0.022 0.81 49 2.3 2.13
M10B10 30 3.65 0.53 4.9 0.014 0.45 69 2.1 2.46
M20B10 28 0.81 0.43 11 0.009 0.23 156 1.2 1.17
M10B5 46 1.18 0.58 7.7 0.011 0.25 89 2.1 0.95
M10B10 30 3.65 0.53 4.9 0.014 0.45 69 2.1 2.46
M10B20 59 3.90 0.63 6.9 0.015 0.55 103 1.7 2.66

�We only consider gravitationally bound cores with Egrav + Ethermal + EB < 0.
¶CFE is the ratio of the total mass in cores to the total mass in the shocked layer at tcollapse, as defined in

Equation (29).
†Columns (5)−(10) are median values over all cores for each parameter set (6 simulation runs).
§Collapse is defined as the time when nmax = 107 cm−3 in each simulation. The tcollapse shown here is the mean

value over all 6 runs for each parameter set.
‡Rcore is calculated from the total number of zones N within a core, for an equivalent spherical volume: Rcore =

(3N/(4π))1/3∆x, where ∆x = 1/512 pc is the grid size.

agreement with the theoretical predictions: all core properties systematically change according to
the inflow Mach number in Table 3, and the Gaussian-fit peaks significantly shift for models M5,
M10, and M20 in Figures 6 and 7. Quantitatively, we plot the median values of core mass, size,
and mean magnetic field as well as the averaged core collapsing time in Figure 8, as functions
of initial Mach number (top panel) and cloud magnetic field (bottom panel), and fit them with
power law. We found Mcore ∝M−0.9 and Rcore ∝M−0.6, in good agreement3 with the predicted
Mcore ∝M−1, Rcore ∝M−1 as in Equations (5) and (6). We also found Bcore ∝M0.8, close to the
expected relationship Bcore ∼ Bps ∝M.

On the other hand, our power-law fit shows Mcore ∝ B0
0.6 and Rcore ∝ B0

0.3, not the inde-
pendence that our anisotropic condensation model predicted. However, note that the difference in
Mcore and Rcore is small between B10 and B20 models, while a larger gap exists between B5 and
B10 models (also see Figure 6). This is because the B5 model has very strong post-shock density
compression but only moderate post-shock magnetic field (see Table 2), and supercritical cores may
form isotropically. Using Equations (5) and (14) from CO14, spherical, magnetically supercritical
cores would have

Mmag,sph ∝
Bps

3

ρps
2
∼

�
n0v0

2
�3/2

(n0rf )2
∼ n0

−3/2v0B0
2, (25)

3Note that core size changes during collapse while core mass remain similar, it is expected that the Rcore we

measured is not perfectly followingM−1.

(Chen & Ostriker in prep.)



● Filament transverse velocity gradients provide 
evidence of condensation in flattened structures

● Ambipolar diffusion is not necessary for core 
formation, and magnetization is not the main 
factor controlling core mass & size

● These cores have masses and magnetic fields 
that depend on pre-shock ρv2 in cloud

● Magnetically-supercritical, low-mass cores form 
anisotropically via contraction along B

Summary


