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What is the impact of star 
formation on nearby dense gas? 

low mass
^

^

cluster-forming



How well do pc-scale 
outflows couple with 
dense gas? 
• Protostellar cores: mass loss in envelope via 

entrainment (e.g. Arce & Sargent 2006, 
Offner & Chaban 2017)


• Seamus Clarke’s talk - outflows largely 
directed away from filaments, little impact?


• Low-mass protostellar clusters: 

• outflows can maintain clump turbulence (?)

• injected energy insufficient to unbind 

clump 

(e.g. . Li and Nakamura 2006, Arce + 2010, Duarte-Cabral + 
2012, Plunkett + 2015, Feddersen + 2020, many others!) 
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Cluster evolution is driven by a mix of processes
Johnstone & Bally 1999; André et al. 2010; Schneider et al.
2012; Peretto et al. 2014). Moreover this structure is directly
relevant to the formation of star clusters. As Myers (2009) has
stressed, filaments are nearly ubiquitous in the regions
surrounding active star cluster formation; indeed star cluster
formation is often observed at the junctions of molecular
filaments (for instance, in the Rosette molecular cloud;
Schneider et al. 2012). In some cases, such as Serpens South,
accretion along filaments has been inferred from molecular line
kinematics (e.g., Kirk et al. 2013) or via chemical signatures
(Friesen et al. 2013). Tackenberg et al. (2014), who map N2H

+

toward 17 Herschel filaments, find several examples of
filamentary accretion flows onto clumps. Filamentary accretion
is also a prominent feature in numerical simulations of massive
star formation (e.g., Banerjee et al. 2006), which is analogous
to star cluster formation.

Second, there exists a clear trend for the most massive
clumps within molecular clouds to exhibit the lowest levels of
turbulent support against gravity. Bertoldi & McKee (1992)
found that only the most massive regions within several
molecular clouds (which are also the densest and exhibit the
highest column density) had sufficiently small line widths to be
considered strongly self-gravitating. Bertoldi & McKee define
the virial parameter a s= r r GM r5 2( ) ( ) to compare turbu-
lence against gravity. (Here s R( ) is the one-dimensional
velcocity dispersion of a region of radius r and mass M(r).)
Reviewing a number of more recent works and using more
robust dust-derived masses, Kauffmann et al. (2013) verify this
trend and show that it extends to remarkably low values of α, at
least for condensations of quiescent cold gas and dust without
prominent signs of star formation. As Kauffmann et al. argue,
this implies that the initial conditions for massive star formation
are either in a state of imminent collapse or suspended by
strong magnetic fields. These conclusions apply equally well to
the initial conditions for the creation of a star cluster.

Motivated by these points we shall concentrate on the
continuous infall of gravitationally bound matter, which is
organized in a filamentary fashion toward the site of star cluster
formation. Several implications are apparent.

1. Infall duration: The infall of a mass reservoir M rin ( ),
found within radius r of the cluster formation site at
t=0, will last for roughly the initial free-fall time

p=t M r GM8ff in
2 3

in
1 2( ) [ ( )] (in the monopole approx-

imation). This duration is intermediate between the
inside-out collapse of an initially hydrostatic state, for
which infall takes a couple t Mff in( ) because of the forces
which balanced gravity in the initial state, and the rapid
formation of a cluster by colliding flows of unbound gas.

2. Dynamical age of cluster formation: Because matter
accumulates in a dense central cluster-forming region as
matter falls in, the free-fall time on the cluster scale
should be significantly shorter than that of the reservoir.
Therefore, a proto-cluster’s formation extends for several
dynamical times of its parent clump (e.g., 6.2 clump free-
fall times in the fiducial model of Section 3 (Equation
(10))), and one should consider the physical state of the
cluster-forming region as this happens. In particular,
survival for multiple free-fall times strongly favors virial
levels of clump turbulence despite sub-virial initial
conditions, and this is a key feature of the model we
develop below.

3. Specific energy of infall: Unless the initial conditions are
highly magnetized, low values of the initial virial
parameter imply that the energy per particle of the
inflowing matter is close to its initial gravitational
potential. If the radius of the cluster-forming region is
small compared to the initial radius, then the inflow speed
will be close to the escape velocity.

4. Time profile of infall: The filamentary nature of the initial
state implies that the mass inflow rate is reasonably
constant—neither rapidly increasing nor rapidly decreas-
ing—as the cluster gains most of its mass. We illustrate
this below in Section 2.1 with a simple model that
displays a constant rate of accretion. Nevertheless, a
decline in the inflow rate or nature of the inflow remains
one possible cause for the end of cluster formation.

Given these points, we favor the following model for star
cluster formation. The initial conditions correspond to
elongated or filamentary molecular concentrations with low
virial parameters. While magnetic fields may support these
structures locally, magnetic support along their long axes is
unlikely (albeit not impossible; Li & Shu 1997). Collapse
therefore proceeds in the “rapid and violent,” nearly free-fall
manner envisioned by Kauffmann et al. (2013).1 A stellar
cluster-forming clump accumulates at the center of this
collapse, undergoes star formation, and evolves under the
combined effects of accretion and stellar feedback (Figure 1).
Because it gains mass over several internal free-fall times, we
expect the clump to be virialized, with virial parameter ac of
order unity.

Figure 1. Schematic of the star cluster formation scenario. Inflow, lasting the
free-fall time of the filamentary mass reservoir, leads to the accumulation of
matter over several free-fall times of a gaseous, star-forming clump, while
protostellar outflows and the massive-star feedback (photo-ionization and
radiation pressure) tend to eject matter. Both feedback and inflow drive
turbulent motions. The clump’s evolution, and that of the star cluster, are
determined by a competition between these effects.

1 Energy conservation during free-fall collapse implies virial parameters of
order unity (Larson 1981; Ballesteros-Paredes 2006; Kauffmann et al. 2013).
However during filamentary collapse, infall will be visible primarily as a
velocity gradient rather than a line of sight velocity dispersion. The virial
parameter of the collapsing reservoir will therefore remain less than unity
unless s r( ) is defined in a way that accounts for velocity gradients.
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• In low mass clusters, outflows 
are the dominant feedback 
mechanism (e.g., Matzner & 
Jumper 2015)


• Hub-filament systems accrete 
mass via filaments



Serpens South: a young protocluster with accretion flows

Gutermuth + 2008

The Astrophysical Journal, 766:115 (14pp), 2013 April 1 Kirk et al.

Figure 4. Centroid velocity measured for N2H+ across Serpens South. The contours correspond to the dust emission levels shown in Figure 1 and 3, and the circles
denote the same YSOs as shown in Figure 1 (dark gray corresponds to class 0, medium gray to class I and light gray to class II sources). The peak ridge of the filament
is shown by the dashed lines (red in the south and blue in the north for clarity). The overall velocity gradient measured in the southern filament is indicated by the
arrow at the bottom left, while the circle at the bottom right indicates the Mopra beam size.

the area perpendicular to the flow, or

Ṁ‖ = V‖ ×
(

M

πr2L

)
(πr2), (2)

which simplifies to Ṁ‖ = V‖(M/L). Due to projection effects,
we observe

Lobs = L cos(α) and V‖,obs = V‖ sin(α) (3)

with V‖,obs = ∇V‖,obsLobs. Therefore, the accretion rate is given
by

Ṁ‖ = ∇V‖,obsM

tan(α)
. (4)

For the southern filament, we estimate a mass of 20.3 M$
along a length of 0.33 pc and width of 0.08 pc (see Section 3.1),
which corresponds to an accretion rate of 28 M$ Myr−1 for
tan(α) = 1. Note that since we observe both a gradient along
the filament and infall onto the filament (discussed in the next
section), this already constrains α not to lie close to either of the
possible extreme values (0◦ for lying parallel to the plane of the
sky and 90◦ for lying directly along the line of sight). We will
furthermore show that the accretion rates estimated from both
the motion along and across the filament are relatively high,
which suggests that α is likely close enough to 45◦, so that the
correction factor for each measure is only several times unity.

The velocity gradient used for the accretion rate esti-
mate is also similar to values measured in other star-forming
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Kirk + 2013

infall & 
flow

30 M⊙/Myr

Hierarchical fragmentation in Serpens South 3

Fig. 1.— Left: Spitzer RGB image (8 µm, 4.5 µm, 3.6 µm) of Serpens South overlaid with 500 µm continuum contours at 3600 resolution
(HPBW; Könyves et al. 2015). Contour levels are 4, 6, 8, 10, 15, 20, 30, 40, 60, 90 ⇥ 16 MJy sr�1. Right: Integrated NH3 (1,1) intensity
in K km s�1 observed with the GBT KFPA at 3200 resolution (FWHM). In both panels, the white outline shows the approximate area
where the rms noise in the GBT KFPA NH3 (1,1) cube is . 0.1 K.

the infrared image of the central cluster. NH3 (3,3) is de-
tected only toward the central cluster, and is clearly kine-
matically distinct from the NH3 (1,1) and (2,2) emission,
with larger line widths and extended line wings sugges-
tive of excitation in outflows, and line-of-sight velocity
shifts up to ⇠ 1 km s�1 relative to the (1,1) and (2,2)
lines. This behavior is seen in Figure 3, where we show a
selection of NH3 spectra toward the central cluster and
two other locations in Serpens South.

3.2. Line fitting

The NH3 molecule exists in two forms, ortho-NH3

and para-NH3, depending on the orientation of the
three identical hydrogen nuclear spins. Transitions be-
tween ortho- and para-NH3 are forbidden, since radiative
and non-reactive collisional transitions do not normally
change the spin orientations. Ortho- and para-NH3 must
be therefore treated as separate species. The ratio of
ortho- to para-NH3 depends on the temperature at which
the NH3 formed. At formation temperatures & 40 K, the
ortho- to para-NH3 ratio is approximately 1, increasing
to ⇠ 4 at T ⇠ 10 K, since the (0,0) level is an ortho-NH3

level (Takano et al. 2002). The (1,1) and (2,2) inver-
sion transitions belong to para-NH3, while (3,3) is an
ortho-NH3 transition. Since we only detect (3,3) emis-
sion toward the cluster center, where it shows a signifi-
cantly di↵erent distribution than that of (1,1) and (2,2),
we cannot place limits on the ortho- to para-NH3 ratio
in Serpens South, and in the following analysis we focus

Fig. 2.— Spitzer RGB image toward the central Serpens South
cluster only, overlaid with NH3 (3,3) integrated intensity contours
(white; 3, 5, 7, 9, 12, 15⇥�) and 850 µm continuum contours
(grey). RGB image and continuum contours as in Figure 1. NH3
(3,3) emission was seen only toward the central YSO cluster.

only on the (1,1) and (2,2) transitions.
We fit simultaneously each observed NH3 (1,1) and

(2,2) spectrum with a custom Gaussian hyperfine struc-

NH3 (1,1)

Friesen + 2013, 2016

accretion

~230 M⊙

Tanaka + 2013

central 
cluster 

jets & 
outflows

Nakamura + 2011, 

Plunkett + 2015, 2018



How does the cluster impact the dense gas?
VLA mosaic  

NH3 (1,1), (2,2), (3,3)


5” angular resolution (0.01 pc)


Δv = 0.15 km/s


28 pointing mosaic


GBT model & feather
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Dense gas is highly fragmented
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Dense gas is impacted by the cluster
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Core gas is impacted by the cluster

Core TK, σNT increase closer to cluster 
centre
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Steeper dependence   in 
high mass regions, theory 
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T ∝ d−0.35



Protostellar jets & outflows: increased σ
NH3 (3,3)

Collimated protostellar jet 
(Plunkett + 2015)

• Collimated outflows 
more efficient in driving 
turbulence (e.g. 
Nakamura & Li 2007)


• Energy injection scale ~ 
few x 0.1 pc (obs/
theory)


• Large σNT extent 
matches broader 
outflows (e.g. 
Nakamura + 2011) 



ΣPS, TK and σNT are correlated
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• Both TK and σNT increase with protostellar surface density


• Strongest positive correlation between TK and σNT themselves


• Gas heating: radiative + mechanical feedback



Dense cores are less bound near the cluster

Core masses ~ 
constant 


Virial masses 
increase toward 
cluster centre
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Filamentary flows: reservoir for accretion

0.5 pc

vLSR (km/s)

central 
cluster 

vLSR

• Accretion timescale ~ 0.7 - 1.4 Myr at 0.5 pc



Can we say something more 
broadly about feedback in low 
mass star-forming regions? 



Green Bank Ammonia 
Survey (GAS)

NGC 1333

NH3 (1,1) contours 

N(H2) colour

Friesen, Pineda + 2017

Pineda, Friesen + in prep

• NH3 maps toward main Gould Belt star-
forming regions


• Mass in mapped regions: N(H2) from Herschel 
GBS (Singh & Martin 2022)


• Protostellar catalogs: Class 0/I/II from various 
sources  
(e.g. NGC 1333: c2d; Dunham + 2015)



YSO counts & ΣPS NGC 1333

NH3 (1,1) contours 

ΣPS colour

NGC 1333

• NH3 maps toward main Gould Belt star-
forming regions


• Mass in mapped regions: N(H2) from Herschel 
GBS (Singh & Martin 2022)


• Protostellar catalogs: Class 0/I/II from various 
sources  
(e.g. NGC 1333: c2d; Dunham + 2015)


• Assume M* ~ 0.5 MSun for ΣPS 
(following Evans + 2009)



NGC 1333
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Similar to Serpens South, ΣPS, TK, 
and σNT are positively correlated 
across GAS clouds


• Median values per region


• pixel-by-pixel correlation

See also Schnee + 2009

YSO counts & ΣPS



Spread in parameters also increases with ΣSFR
• Narrow (subsonic) lines present in all regions, but with smaller relative fractions 

as TK, ΣSFR increase
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In the Serpens South protocluster:
• Dense cores are warmer with larger velocity dispersions

• Less likely to be gravitationally bound via virial analysis

• Virial masses larger in the cluster than in the filaments

• Filamentary flows will deposit gas & protostars within ~1-2 Myr (but may 

have a natural cutoff)


• Broader lines correlated with protostellar outflows & jets within ~ 0.5 pc

• Shallow dependence of TK on r: radiative + mechanical feedback


• Filaments remain subsonic & cores more likely to be gravitationally bound

Gould Belt clouds:
• Similar correlations between ΣPS, TK, and σNT: can we use to better quantify 

low mass feedback effects on dense gas? 


