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ABSTRACT

It is shown here how new experimental data, for the electrical properties of solid CO, can be used to fill important
gaps in our understanding of the evolution of prestellar cores. Dust grains with a mantle of CO lead to a reduction
in the degree of ionization in these cores by a factor of between 5 and 6. The lifetimes for expulsion of magnetic
fields from cores, a process generally necessary for gravitational collapse, are reduced from current estimates of
several megayears, by a similar factor. This removes a major inconsistency, since lifetimes now tally with typical
ages of prestellar cores of a few hundred thousand to 10° yr, derived from observations. With the reduced
timescales, cores also escape disruption by Galactic supernova remnants. Our results provide a natural mechanism
for the generation of so-called magnetically supercritical cores, in which the magnetic field alone cannot prevent
gravitational collapse. In addition, we find a minimum value for the density of prestellar cores of >(1.1 + 0.1)

x 10*H, cm ™, in agreement with observations.
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1. INTRODUCTION

Key to understanding the evolution of galaxies is knowledge
of how the interstellar environment controls star formation.
Major hurdles exist in this field, in particular with regard to the
earliest stages of stellar evolution, prior to the gravitational
collapse of prestellar cores for low-mass stars (Nielbock
et al. 2012). First, one may compare the lifetimes of cores
with the time for expulsion of the magnetic field through
ambipolar diffusion. Core lifetimes deduced from numerous
data (e.g., optical, submillimeter, chemical age; Ward-
Thompson et al. 2007; Enoch et al. 2008; Evans et al. 2009;
Pagani et al. 2013; Briinken et al. 2014; Konyves et al. 2015)
are subject to considerable uncertainty. Estimates may extend
up to >3 x 10° yr, for low number density cores, down to a
few times 10°yr (Maret et al. 2013) or as low as 10° yr
(Lippok 2014). The m élority of estimates, however, tend to lie
between 250,000 to 10” yr, whereas expulsion of the magnetic
field through ambipolar diffusion, the rate determining step in
low-mass protostar formation, has been estimated to have a
characteristic timescale, 7, of <3 x 10° yr (Draine 2011).
Second, almost the entire spiral arm star-forming volume of the
Galaxy is overrun by overlapping remnants of supernova
explosions (SNe) in 7sng = 2 = 0.5 Myr (Tielens 2006;
Draine 2011; Korolev et al. 2015), given that SNe occur at
the rate of 2 & 0.5 per century (Diehl et al. 2006) and each SN
perturbs a region in a cloudy interstellar medium (ISM) of
radial dimension ~60 pc (Korolev et al. 2015). The upshot is
that the quiescent conditions necessary for gravitational
collapse cannot in general be met or that the timescale for
the establishment of these conditions is significantly extended.
Third, there is the long-standing problem (e.g., Banerjee &
Kortgen 2015) of the mechanism of generation of magnetically
supercritical regions. Magnetic fields, if sufficiently strong,
prevent the collapse of cores of gas by exerting magnetic
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pressure. Thus, the mass to magnetic flux ratio must be greater
than a certam value, which may be estimated to be 5.6 x 10’
T 'm kg (Draine 2011), for the core to become supercritical
and for collapse to take place. Can ambipolar diffusion take
place sufficiently rapidly for this condition to be satisfied
within the effective lifetime of a quiescent core? Fourth, there
is the question of a minimum value for the average density of a
prestellar core (Lada et al. 2010; Parmentier et al. 2011): is
there such a minimum, and, if so, can we rationalize the value
that this density takes?

We show here that the four problems outlined above are
closely connected and all four can be solved simultaneously
using a potent combination of observations of the strong
depletion onto dust grains of gas-phase CO in prestellar cores
(e.g., Bergin & Tafalla 2007; Ford & Shirley 2011; Parise et al.
2011; Pagani et al. 2012) and recent laboratory data (Rosu-
Finsen et al. 2016) for the properties of solid CO. The crux of
the present work is that laboratory data demonstrate that solid
CO, through its spontaneously electrical (“spontelectric’)
nature (Balog et al. 2009; Field et al. 2013), provides an
efficient mechanism for the reduction of ionization in cores.
This results in a decrease of the lifetime for ambipolar
diffusion, 7, through a factor of ~5.5, such that (i) 7 matches
the range of lifetimes of prestellar cores deduced from
observations, (ii) 7 becomes less than Tgnygr, (iii) a natural
route is provided to magnetic supercriticality, and (iv) it is
found that the minimum average density of a core must be
>(1.1 +0.1) x 10* Hyem ™3, in agreement with observations
(Lada et al. 2010; Parmentler et al. 2011).

There have been extensive observations of molecular clouds,
which relate their size, contained mass, and magnetic fields
through power-law relationships with number density
(Crutcher et al. 2010; Draine 2011; Crutcher 2012; Roy
et al. 2014; Li et al. 2015; Tritsis et al. 2015). Relationships
given in Draine (2011) and Crutcher et al. (2010) yield the
general result that for low-mass, cold, quiescent prestellar
cores, the ratio of mass to magnetic flux is less than the critical
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Table 1
Parameters and Expressions Used in the Calculation of the Polarization Charge
on an Isolated Grain (Equation (1)) and of the Ambipolar Diffusion Times in a
Prestellar Core 7 and T, the Latter in the Presence of the Spontelectric Effect

Symbol  Description Value Used

¢ Number of volts added per ML~ (6.7 + 0.5) x 107>V ML™!
of CO

ap Polarization charge on an 55+04
isolated grain

a, Bare grain radius 0.1 ym

a Grain radius with CO and water ~ 0.115 pum
ice mantle

nMvL Number of ML of CO on grain  10.2

6 Density of grain material 2000 kg m >

13 Grain-to-gas-mass ratio 0.013

ng Number of grains m > 2.1 npp.myé/mags

a Degree of ionization of the 6.7 x 1073y (ny)' /2
medium

X Factor of reduction of ion 0.182
concentration

T The maximum radius of 2.39 x 10% ng 0.81
the core

(ny) H nuclei m~* 1.25 x 10% ;123

T Kinetic temperature 10K

Note. Further details may be found in Rosu-Finsen et al. (2016). For error
estimates, see the caption to Figure 1.

value, that is, cores are in general magnetically subcritical.
Given the general primacy of the initial magnetic field in
supporting low-mass cores against gravitational collapse, this
in turn indicates the necessity of the expulsion of the field for
collapse to proceed (Crutcher et al. 2010). Note that magnetic
fields here, and from hereon, refer to initial magnetic
conditions, that is, before any expulsion of the field has taken
place.

To illustrate subcriticality in a specific case, a B68 avatar is
used, which has the same dimension and mass as present-day
B68 (Nielbock et al. 2012; Roy et al. 2014), but contains the
original magnetic field that its dimension and mass require
(Crutcher et al. 2010; Draine 2011). Given a radius of 0.18 pc
and a total mass of 3.1 M, (Nielbock et al. 2012), it may be
inferred that B68 had a pristine magnetic field of 1.29 x 10~®
T, as detailed in Section 3.1 below. It follows that the ratio of
mass to magnetic flux was originally 2.6 x 10’ T~ m*kg, less
than the critical value for support against gravitational collapse
by a factor of ~2, given a poloidal field. Thus, B68 was
originally magnetically subcritical and was not subject to
collapse. In the evolved state of B68, as of now, the observed
magnetic field (Kandori et al. 2009) is ~0.2 x 1078 T,
showing that B68 is currently hovering on the border between
magnetically sub- and supercritical.

In connection with the above discussion, models based on
the notion that super-Alfvénic turbulence controls star forma-
tion in prestellar cores, without transition into a subsequent
quiescent phase (Banerjee & Kortgen 2015), are in conflict
with observations both that line widths are narrow in these
cores, of typically 0.1-0.2kms~' (Caselli 2011; Bergin &
Tafalla 2007), and of CO ice formation (Section 2), since
super-Alfvénic turbulence would shatter CO ices (Tie-
lens 2006). From hereon we make the simplifying approx-
imation that we may ignore any contribution from turbulence.
In support of this, accumulating observational evidence
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(Sadavoy et al. 2015) shows that cores must first dissipate
their turbulence before the onset of CO depletion, the topic to
which we now turn.

2. SOLID CO ON GRAINS: ELECTRICAL PROPERTIES

As noted, numerous observations have shown that prestellar
cores are characterized by the disappearance of CO from the
gas phase and its reappearance in the solid form. We now
describe how the expulsion of the magnetic field is significantly
hastened through the presence of a spontelectric film of solid
CO on dust grains in the core.

When dipolar species, such as CO, are allowed to deposit in
the laboratory on a cold surface under vacuum to form a layer
of approximately 4-5 monolayers (ML), the molecules may
spontaneously orient throughout the layer such that their
positive or negative ends protrude from the surface, creating a
polarization potential (Balog et al. 2009; Cassidy et al. 2012;
Field et al. 2013; Lasne et al. 2015; Rosu-Finsen et al. 2016).
We have developed a semi-empirical description of this so-
called spontelectric effect, which describes major features of
the phenomenon. This description is based on a physical model
that invokes spontaneous orientation of the dipolar molecules
of which the film is composed. The analysis, described in detail
in Field et al. (2013), is remarkably successful in describing
important characteristics of spontelectrics, such as the deposi-
tion temperature dependence of the surface polarization charge,
including the counterintuitive behavior of solid methyl formate
(Plekan et al. 2011). In the case of CO, the positive oxygen end
protrudes on average (Collings et al. 2014). The spontelectric
effect is exemplified by a powerful spontaneous electric field in
the film. It was first discovered for nitrous oxide using a direct
measurement of surface potential, employing high-resolution,
low-energy electron beams (Balog et al. 2009). Studies have
now been extended to CO using RAIR (reflection-absorption
infrared) spectroscopy (Rosu-Finsen et al. 2016). RAIR spectra
were recorded of CO laid down to a thickness of 20 ML, dosed
at 21, 22, and 24 K, on 50 ML of compact amorphous solid
water (casw) formed by dosing at 110 K, in order to reproduce
as far as possible the nature of ices on grains in a prestellar
core. The presence of spontaneous electric fields in the film of
CO was demonstrated by measurements of Stark frequency
shifts in RAIR spectra, the values of which are film deposition
temperature dependent. These observations were used to derive
the electric field in the film, yielding a temperature-averaged
surface potential, ¢, of 6.7 &= 0.5 mV per ML of CO (Rosu-
Finsen et al. 2016). We note that experimental observations
show that the surface potential for any spontelectric material
depends on the temperature of the substrate at the moment of
deposition, which is <26 K in the ISM. The subsequent cooling
of the substrate to 10 K in the ISM has no effect on the surface
potential.

The spontelectric effect gives rise to a positive polarization
charge, g, on the surface of an isolated grain, which may be
directly related to the value of ¢ by

qp = 47T€061”ML¢, (1)

where a is the grain radius and ny is the number of ML of CO
on any grain, which we note is independent of the value of a.
Integration of the grain size distribution (e.g., Mathis
et al. 1977) shows that a single value may be assigned of
a, = 0.1 ym for the bare grain, as representative of grain sizes
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in the ISM. Thus, a, on inclusion of 40 ML of cagw of layer
spacing 0.318 nm and sy of CO ice of spacing 0.339 nm
(Ford & Shirley 2011; Rosu-Finsen et al. 2016), becomes
0.112 + 3.39 x 10 * nyy. pm. CO has been observed to be
depleted by factors of up to several hundred in cores (e.g.,
Pagani et al. 2012). Using the values shown in Table 1, there
are 10.2ML of CO on a dust grain, given CO/H, = 1074
before freeze-out, with an associated time of formation of
typically 10° yr for 95% depletion of CO from the gas phase.
This yields a = 0.115 um for the B68 avatar (Table 1).

The condition that must be maintained in the ISM is that
there is no gradient in electrochemical potential between the
electrons in the gas phase and those on the grains. This
condition is equivalent to the statement that an equilibrium
charge is acquired by any grain. In the absence of spontelectric
CO, it turns out that this condition is ensured by the presence of
an approximately single negative charge on a representative
grain, in the shielded ISM. Due to local electric fields created
through electron depletion, positive ions follow the electrons to
grain surfaces, thus preserving electroneutrality in the plasma.
On the grain surface, positive ions recombine efficiently with
the mobile surface electron (Umebayashi & Nakano 1980;
Draine & Sutin 1987; Field 2000; Rosu-Finsen et al. 2016).
Further electrons now flow to the grain surfaces. Ionization in
the plasma at some fixed level, discussed below, is maintained
by cosmic-ray events. In this connection, the dominance of the
surface recombination of ions and electrons in determining the
degree of ionization of the medium was first put forward in
Umebayahsi & Nakano (1980) and demonstrated conclusively
in Draine & Sutin (1987). As discussed in detail in Rosu-
Finsen et al. (2016), in the absence of the spontelectric effect of
CO on grains, grain surface recombination dominates the gas-
phase mechanism by a factor of ~7.5 in removal of ionization
from the gas phase and by a factor of ~41 in the presence of
spontelectric grains.

As CO deposits, any grain surface becomes less negative due
to the spontelectric effect, and its electrochemical potential is
effectively offset from that of the plasma. The electrochemical
potential of the grain surface therefore no longer equals that of
the gas-phase electrons, the system moving away from the non-
spontelectric equilibrium. This causes a net flow of electrons
toward the grain, down the electrochemical potential gradient.
This in turn causes more positive ions to deposit on the dust
grains and hence increases recombination rates. In a fully
fledged CO layer of 10.2ML, a new equilibrium between
cosmic-ray ionization and recombination on dust grains is now
established by maintaining the equality of the electrochemical
potential of gas-phase and grain-surface electrons. This may be
satisfied by a reduction in the degree of ionization in the plasma
through a factor of ¢, Equation (1), as outlined below, on the
assumption that the surface recombination mechanism is
dominant in determining the degree of ionization in the
shielded ISM (Rosu-Finsen et al. 2016), as mentioned above.

The factor of g, reduction in ionization may readily be
appreciated by recognizing that the system must adjust to an
ion—electron surface recombination rate proportional to the
product of the surface concentration of electrons and ions, that
is, q;. To retain equilibrium, a corresponding gas-phase
reduction in electron and ion concentration must follow, each
through a factor g,. In addition, it was shown in Rosu-Finsen
et al. (2016) that both a phenomenological model, based on
electron mobility on grain surfaces (Field 2000), and the
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theoretical description of Draine & Sutin (1987) yield a degree
of ionization a =3 x 107% in the non-spontelectric case,
given an assumed cosmic-ray ionization rate of 3 x 10~ "7 s~
In the present case, given that a = 6.7 x 107> (ny)'/2
(Draine 2011, chap. 16), the degree of ionization for our B68
avatar is ~3 x 10°°, using (ng) = 4.46 x 10"°m~> for B68
(see below). In the presence of spontelectric grains « is reduced
by a factor equal to the number of polarization charges, g,, on
an isolated grain. With the value of ¢ of (6.7 & 0.5)
x 10 VML~ (Table 1), Equation (1) shows that the
resulting polarization charge contribution to an isolated grain
would be equivalent to g, = +5.5 & 0.4 charges (Table 1).
Hence, the degree of ionization is equal to
6.7 x 1073ny'"?/q,. yielding a value of o =5.8 x 1077,
substantially in agreement with an observationally based figure
of 5x 1077 relative to H nuclei for B68 (Maret &
Bergin 2007). In this connection, the rate of reionization of
the medium is very rapid compared to the rate at which ions are
lost in the process of expulsion of the magnetic field.

We note that in the relevant plasma environment, the rate of
bombardment by electrons and ions is very much greater than
the rate of accumulation of CO layers and of the corresponding
spontelectric polarization charge (Rosu-Finsen et al. 2016).
Therefore, grains in space cannot achieve an average polariza-
tion charge of 5.5 but oscillate between a single positive and
negative charge and neutral in response to the arrival of
electrons and ions on the grain surface. In our estimation of g,,
it is assumed that the CO ice is pure CO; it may be diluted to
some extent by N, (Pagani et al. 2012). This is ignored here,
since experiments have shown that weak dilution of spont-
electrics has only a small effect on the resulting polarization
charge (Cassidy et al. 2014).

3. DIPOLE-ORIENTED CO AND THE TIMESCALE OF
AMBIPOLAR DIFFUSION

Our purpose now is to calculate the extent of enhancement of
the rate of expulsion of the magnetic field that accompanies the
reduction in the degree of ionization, where this is due to the
spontelectric effect of the CO-coated grains. It is a good
approximation to assume that the magnetic field is frozen into
the plasma (Draine 2011) and is so strongly coupled to charged
particles that their expulsion, through a magnetic pressure
gradient, also expels the magnetic field. In a static cloud, the
timescale, 7, of ambipolar diffusion to remove ions and thereby
the magnetic field from a prestellar core may be represented as
the radius of the core divided by the average relative velocity of
ions and neutrals. The latter is given by the balance between the
mechanical friction between ions and neutrals and the gradient
of magnetic pressure ocd / dr B¢, where r is some radial
distance.

3.1. A Simple Model for the Timescale for Ambipolar Diffusion
in the Presence of CO-coated Grains

Initially the detailed density structure of the prestellar cloud
is ignored, and average values of the magnetic field, the ion
density, and the neutral density are used. The standard
approximation is made that d/drB* ~ B}/r,,, where ry, is the
outer radius of the cloud and By is the average magnetic field
initially present throughout the prestellar core. It then follows
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(Flower & Pineau des Foréts 2003; Draine 2011) that
T = Qpuo/ B3 )y (i) () knaym 2

where (ny) and (n;) are the average volume densities of neutrals
and ions within the core, kp is the momentum transfer rate
coefficient for ion—neutral collisions, and my; is the mass of the
hydrogen atom. The collision partner of interest is H,. He, at
10% by number of H,, with a polarizability 3.7 times smaller,
contributes <3% to kyy and is ignored here. The ions involved
are H" and H7, and v is a weighted average of mjonmy/
(Mijon + Mypp). The proportion of H" to Hi as a function of
density (Walmsley et al. 2004) yields v = 0.73-0.77 over a
wide range from (ng) = 3.5 x 10" to 2 x 10'"'m ™. Using
the same weighting, the effective momentum transfer rate
coefficient becomes a weighted average of those for H' and
HI, yielding an effective rate coefficient of kp varying
between 2.96 x 107" and 2.92 x 107" m’~". The product
knvy changes by only 3.5% over the density range mentioned
and is treated as invariant with density throughout and equal to
2.24 x 107" m?s!. The value of B, used here is given by the
empirical relationship By = 1.549 x 10> %% T reported in
Crutcher et al. (2010) and Crutcher (2012).

Equation (2) now allows an estimate of the time required to
expel the magnetic field from a 5prestellar core. A value of r, is
taken to be 250" or 5.61 x 10'> m, from observational data for
B68 (Nielbock et al. 2012), continuing to use characteristics of
this object as typical, while noting the considerable variability
between cores (Enoch et al. 2008). An average value of density
(ng) may be obtained from the relation (Draine 2011)
o = 239 x 10** ng " m yielding (ny) = 4.46 x 10'"°m 7,
where the values of r,,, and (ny) are consistent with a total mass
of the B68 avatar of 3.1 M, (Nielbock et al. 2012). This yields
Bo=129 x 107 T.

Using n; = a x(ng) = 6.7 x 1073 x (ny)'/?,  where
x =1 and x = 1/g, = 0.182 for the non-spontelectric and
spontelectric cases, respectively, Equation (2) gives an
ambipolar diffusion lifetime, 7, of 4.77 x 102! x (ny)~ 142
This yields 3.6 x 10 yr for y = 1, and 7, for the spontelectric
case, becomes 6.5 x 10° yr, for x = 0.182. We note, however,
that these values of ambipolar diffusion times rely on the
idealized power-law relationships between r,,, By, and ny,
whose accuracy may be disputed (Draine 2011). For example,
recent work of Tritsis et al. (2015) suggests that for lower-
density, nonspherical clouds, B, might be better written as
proportional to n2°, and Li et al. (2015) suggest n* in NGC
6334.° An alternative formulation (Flower & Pineau des
Foréts 2003; Walmsley et al. 2004) of 7, which does not require
the use of these power laws, save in the correction term,
E/Eg, small for pristine B68, is given by Equation (3):

7= 27Gmy) ' (ni/ny)kmay (1 + En/Eg) 3)

where Ey, is the thermal energy and Eg the initial magnetic
energy per unit volume, that is, with By = 1.29 x 107% T. The
ratio Ey,/Ep is ~0.07 for the pristine B68 avatar. Equation (3)

5 Lietal suggest a field of By o< n,?'4 for NGC 6334 (see text). Transposed to
B68, this corresponds to By = 7.4 x 1078 T. This field is a factor of 5.7 times
greater than the value based on Crutcher et al. (2010) and Crutcher (2012). This
larger field yields an estimate of 7 that is 32.5 times smaller than that calculated
here from Equation (2), introducing, for example, a major discrepancy between
Equations (2) and (3).
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is, however, based on the assumption that material is in virial
equilibrium, thereby establishing a relationship between the
lower limit for r,,, the density of the medium, and the thermal
and magnetic energy. The assumption of virialization cannot be
generalized but may be appropriate to B68 (Nielbock
et al. 2012; Roy et al. 2014). Equation (3) gives 7 ~ 4.5%
smaller than the value given by Equation (2). This agreement
justifies use of the relationship, 7 o< (ny)~'*?, derived above
and in Draine (2011), which is used henceforth.

On the basis of Equations (2) and (3) a prestellar core of
central density <5 x 10" Hm * has a high probability of
suffering disruption by SNRs before expulsion of the magnetic
field in the absence of the spontelectric effect of solid CO. In its
presence, the lifetime for expulsion of the magnetic field of
typically ~5 x 10° yr falls well outside this disruption zone
and within the broad range for the ages of prestellar cores
derived from observations, mentioned in the opening
paragraph of the current work. It is now clear how magnetically
supercritical cores can form, and results have resolved
problems of (i) 7 matching observational lifetimes of prestellar
cores, (ii) 7> Tgnr, and (iii) a route to magnetic super-
criticality, raised in the introduction.

3.2. Inclusion of Explicit Density Variation within the Core

The density structure of the core, that is, the variation of ny
with r, is now included in the analysis. This is a useful
extension since at small r, that is, at higher densities, the
magnetic field escapes the core more rapidly and at lower
density, at large r, less rapidly. The two effects, while working
against each other, do not cancel. In order to include this
behavior, we use the Plummer density distribution (e.g.,
Whitworth & Ward-Thompson 2001; Nielbock et al. 2012;
Lippok 2014),

nu(r) = no/[1 + (r/ro)"*)? 4

where 7, is the central density of the cloud, ry is a parameter
adjusted to fit observational data, and 7 is conventionally
taken to be equal to 4. Equation (4) is taken from hereon
to be a universal representation of the density distribution
of a prestellar core. Note that Equation (4) is not based on
virialization ~ (Dejonghe 1987). Using the relation
7o (ng)~'4? and incorporating the Plummer model of
Equation (4) into this relation,

—1.42

Ir'="In no
_ _m |y
! Bxfr:o [(1+(r/r0)2)’7/2] '

+5.58 x 101X/ (ny) (5)

where 7 is in years, x = 1 and A = 0 for the non-spontelectric
case, and y = (qp)_1 = (.182, as before, and A\ = 1 for the
spontelectric case. The value of (§ is found to be 6.71 X 103,
using the adopted value of kpyy and relationships given above
between r,,, B, and n; with (ny). The second and smaller term in
Equation (5) takes into account the deposition time of CO,
under the assumption that the spontelectric effect requires
4-5 ML to initiate (Lasne et al. 2015).



THE ASTROPHYSICAL JOURNAL, 832:1 (6pp), 2016 November 20 ROSU-FINSEN ET AL.

T /years 1, from Eq.7
1o /years t, from Eq.2
% 106 : ~ Non-spontelectriccase
x | 3

<n,> /m3

Figure 1. Ambipolar diffusion lifetime, 7, required to expel the magnetic field completely from a prestellar core as a function of the average number density of H
atoms, (ny), in the presence of the spontelectric effect (Rosu-Finsen et al. 2016) in solid CO, computed using Equation (7) (solid orange curve). The values of (ny) are
taken from the observationally based relation r,, = 2.39 x 10** (ng)y 8! m, where r,,, is the radial extent of any core. Results are computed using a Plummer density
distribution (Equation (4)) within the cloud, where parameters have been determined by comparison with the prestellar core B68. The dashed curve shows the
variation 75 = 8.67 x 10?° ng"*? yr for the model in which the density structure of the core is ignored (Equation (2)). The inset shows results for the non-spontelectric

case. Random errors in estimates of 7 and 7 are +6% in the magnetic field, 11% in (ny), 8% in r,,, 6% in n;, and 7% in ¥, giving an overall error of +20%. Systematic

errors stem very largely from the power laws relating B or r,, with (ny).

Equation (5) then yields
T=6.71 x 103
y er(l + 12 /1) 07 ,F (0.5, —0.71n; 1.5; —r2/1)
[no(1 + ra/rg V142
+5.58 x 105\ / (ny)

(6)

where ,F)(...) is Gauss’s hypergeometric function. Using
Equation (4) to fit to a cloud mass for B68 of 3.1 M, it may
be shown that ng ~ 7.62(ny) and ro~ 0.2r,, which are
general relationships. Evaluation of Equation (6) yields

1.47 x 103°
T = —

EEEE
2.67 x 10%° 5.58 x 1013
and 7, = o+ @)
oy (nu)

where 7, as throughout, includes the spontelectric effect.
As before, (ny) =4.46 x 10'm™>, which now gives
7=26x10%r and 7,=4.8 x 10’ + 1.25 x 10’ yr =
6.05 x 10’ yr. The variation of 7, with (ny) is shown in
Figure 1. Also shown is the variation of 7 without inclusion of
density variation, illustrating that the slower expulsion
associated with the low-density tail outweighs the more rapid
expulsion at high density for (ng) <4 x 10'°H m™, and
vice versa for higher densities. The inset shows the variation of
the non-spontelectric value 7 oc (ny)~>?3 for comparison.
Random errors in derived values of 7 and 7, are given in the
caption to Figure 1.

The above analysis can be used to calculate a density
threshold for star formation. This is performed by obtaining the
value of the average density, (ny) m >, such that 7 < Tgnr
using Equation (7). Thus, if we require, say, that 7, is
<2.5 £ 0.5 Myr, to avoid disruption by SNRs, then {ny) must
be >22+02) x 10°Hm™3, that is, >(1.1 £0.1)
x 10*H,cm™>. The corresponding (non-spontelectric) 7 is
~13 Myr at this number density. The density for the spont-
electric case agrees well with a value for the threshold for star
formation, derived from observations (Lada et al. 2010;
Parmentier et al. 2011) of molecular cloud complexes, of
~10*H, cm ™3, given that the greater part of the magnetic field
must be expelled for gravitational collapse to be feasible.

4. CONCLUDING COMMENTS

The current work contributes to a new and global under-
standing of the initial collapse of prestellar cores to form stars.
Quantitative uncertainties in our analysis arise principally from
two sources: the considerable variability in estimates of the age
of prestellar cores (10° to >3 x 10°yr) and the uncertainty in
the relationship between the value of the pristine magnetic field
and the local core density. These uncertainties do not in
themselves undermine the generality of the results presented
here, but suggest that, for the full spectrum of core conditions
encountered in the Galaxy and in external galaxies, the
spontelectric effect may range from highly influential to of
little impact for the fate of prestellar cores. Notwithstanding
these reservations, a link has been established between the
disappearance of CO from the gas phase in cold quiescent
regions and the degree of ionization of the ISM. This link is
shown to facilitate the expulsion of the magnetic field by



THE ASTROPHYSICAL JOURNAL, 832:1 (6pp), 2016 November 20

reduction of the degree of ionization in the core, hastening the
natural mechanism for the creation of magnetically super-
critical cores. Cores are demonstrated to become magnetically
supercritical in a time that is now several times less than the
average time between disruptions by SNe, depending on the
core density (Figure 1).

This finding implies a greater rate of star formation in
galaxies in general, with more candidate cores achieving
gravitational collapse. The implications of the result for galaxy
formation have yet to be considered but constitute an
interesting area of future work. The spontelectric effect of
solid CO in reducing the degree of ionization may also have
some general influence in the field of astrochemistry and in the
nature of C-type shocks entering quiescent regions.
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