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ABSTRACT

A complete understanding of the origin of the prestellaeamass function (CMF) is crucial. Two major features of thesgellar CMF are: 1)

a broad peak below M, presumably corresponding to a mean gravitational fragatiem scale, and 2) a characteristic power-law slope, very
similar to the Salpeter slope of the stellar initial mascfion (IMF) at the high-mass end. While recétdrschel observations have shown that
the peak of the prestellar CMF is close to the thermal Jearss inamarginally supercritical filaments, the origin of thever-law tail of the
CMF/IMF at the high-mass end is less clear. Inutsuka (2001) mega@ theoretical scenario in which the origin of the power-ail can be
understood as resulting from the growth of an initial spectiof density perturbations seeded along the long axis offstaning filaments by
interstellar turbulence. Here, we report the statisticapprties of the line-mass fluctuations of filaments in theePTaurus, and IC5146 molecular
clouds observed withlerschel for a sample of subcritical or marginally supercriticalifilants using a 1-D power spectrum analysis. The observed
filament power spectra were fitted by a power-law functiBg.{s) « s*) after removing the fect of beam convolution at small scales. A
Gaussian-like distribution of power-spectrum slopes veamd, centered ater = —1.6 + 0.3. The characteristic index of the observed power
spectra is close to that of the one-dimensional velocitygyapectrum generated by subsonic Kolomogorov turbulent®T). Given the errors,
the measured power-spectrum slope is also marginally stemsiwith the power spectrum index 62 expected for supersonic compressible
turbulence. With such a power spectrum of initial line-mihsstuations, Inutsuka’s model would yield a mass functibonatlapsed objects along
filaments approachingN/dM o« M~2391 at the high-mass end (very close to the Salpeter power |ae) affew free-fall times. An empirical
correlation,P%5(sp) oc (Ny,)+*%1, was also found between the amplitude of each filament popestrimP(sy) and the mean column density
along the filamentNy,). Finally, the dispersion of line-mass fluctuations alongheflamentoy,,,, was found to scale with the physical length
L of the filament, roughly as,,, o« L%7. Overall, our results are consistent with the suggestianttre bulk of the CMAMF results from the
gravitational fragmentation of filaments.
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1. Introduction supercritical filaments with masses per unit len@fiye ap-
proaching the critical line mass of nearly isotherrall0 K

Understanding the origin of the stellar initial mass fuonti 925 cylindersMinecir = 2¢3/G ~ 16 Mo/pc (Ostriker 1964;

(IMF) is a fundamental open problem in modern astrophysiatisuka & Miyams. 1997) may be responsible for the peak of

(e.g..Qfner et all 2014 for a recent review). Since the end &€ Prestellar CMF at 0.6 Mo, as observed in the Aquila cloud
the 1990s, several observational studies of prestellaedeores COMPlex for example. (André etal. 2014; Konyves eLal. §015
in nearby molecular clouds have found a strong link betwedfdeed, this idea is consistent with the view that the peakef

the prestellar core mass function (CMF) and the IMF (e_%l\,AF is related to the typical Jeans mass in star-forming d$ou
seel Motte et al._1998; Alves etlal. 2007; Konyves éf al, 201¢-arsoin 1985).

2015), suggesting that the IMF is at least partly the reslilt o

the core formation process. Theories of the G- based on In gravo-turbulent fragmentation theories of the GNU,
gravo-turbulent fragmentation (e.g. Padoan & Nordlund2200the peak of the IMF results from a combination of thermal
Hennebelle & Chabrigr 2008, Hopkins 2012) are consistettt wiphysics, setting the mean thermal Jeans mass in the parent
this view but do not account for the fact that most cgstess cloud, and turbulencedkects, through the turbulence Mach num-
appear to form within interstellar filaments. Indeed, réceber (Hennebelle & Chabrier 2008; Hopkins 2012; Chabriet.et a
Herschel observations (e.gl, André et al. 2010; Molinari et aR014). In the filamentary picture proposed by André et al.
2010;l Arzoumanian et 8l. 2011; Hill etial. 2011; Konyveslet a(2014), a characteristic thermal Jeans mass results freraxth
2015) emphasize the role of interstellar filaments in stamfng  istence of a critical line mass for filaments (which depentyg o
clouds and support a paradigm for star formation in which then gas temperature) and from the characteristic filamenthwid
formation of~ 0.1 pc-wide filaments and the subsequent frag- 0.1 pc measured withHerschel (Arzoumanian et al. 2011),
mentation of the densest filaments into prestellar coreserepwhich is close to the sonic scale of turbulence in low-dgnsit
sent two key steps in the star formation process (cf. Antlad e molecular gas. Taken together, this sets a (column) density
2014). The results of thelerschel Gould Belt survey (HGBS) threshold for prestellar core and star formation as obskive
further suggest that gravitational fragmentation of maatly nearby clouds witlHerschel (André et al! 2010; Kdnyves etlal.
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Fig.1. Herschel 250 um surface brightness image of the Pipe molecular cloud wbdeas a part of the HGBS key project (cf.
|Peretto et 2l. 2012). The image is displayed at tiieatition limited 25Qum beam resolution of 1. The 43 filaments traced with
the DisPerSE algorithn@QMJﬁOll) are highlgjhtevhite. A more detailed view of the filament enclosed by ltkeck
dashed rectangle is shown in Hig. 2.

2015) andSpitzer (Heiderman et al. 2010; Lada eflal. 2010), remodel outlined by Inutsuka (2001) for the origin of a Salpete
spectively. like prestellar CMF above 1 M.

Although the thermal Jeans mass within marginally super-

critical filaments may account for the peak of the prestellar Herschel observations and column density maps
CMF, pure thermal fragmentation of filaments at the thresh-

old of gravitational instability is expected to lead to agya  The three target fields that we used in the present analysis we
peaked CMF (such as a delta function) and can hardly explaithobserved with théderschell space OW al.
the Salpeter power-law regime of the IMF at the high-mass ef2010) as part of the HGBS key proje 010), and
Im% 1) nevertheless suggested that a SalpktsCMiF  cover surface areas ef1°5x 1?5, ~ 6° x 25, and~ 1°6 x 1°6,
can quickly develop within filaments provided that turbwen in the 1C5146, Pipe, and Taurus molecular clouds, respedgtiv
has generated the appropriate power spectrum of initiaditien (Arzoumanian et al. 2011; Peretto etlal. 2012; Palmeirim.et a
fluctuations in the first place. More specifically, InutsURa@2) 2013). These three regions were mapped at a scanning speed
found that the hierarchical structural property of the pered of 60”s™ in parallel mode simultaneously at fiiderschel
density field along filaments may statistically produce aypopwavelengths using the SPIRE_(@im et al.| 2010) and PACS
lation of cores with a power-law mass function. Inutsukass a (Poglitsch et all. 2010) photometric cameras. The data weere r
proach consisted of counting the distribution of “isoldtedl- duced using HIPE version 7.0. For the SPIRE data reduc-
lapsed regions of mass scalkabove a critical density using thetion, we used modified pipeline scripts. Observations dyrin
Press-Schechter formalisin_(Press & Schechter|1974; Jéklantize turnaround of the telescope were included, and a destrip
[1995), where the statistics of such regions depend on the logodule with a zero-order polynomial baseline was appliéek T
arithmic slope of the power spectrum characterizing theaini default ‘naive’ mapper was used to produce the final maps.
fluctuating density field. Inutsuka (2001) showed that the r&or the PACS data, we applied the standard HIPE data reduc-
sulting core mass distribution converges toward a Salgiéer tion pipeline up to level 1, with improved calibration. Fuet
mass functiomiN/dM o« M~25 when the power spectrum of theprocessing of the data, such as subtraction of (thermal and
field of initial line-mass fluctuations approachegs) « s1°. non-thermal) low-frequency noise and map projection was pe
The latter power spectrum was adopted on a purely ad-hoc bermed with Scanamorphos v1i (Rous 013). Note that
sis, however, and the true statistical nature of the defiisity the Scannamorphos map-maker avoids any high-pass filtering
tuations along filaments remained to be quantified obsemvati which is crucial for preserving extended emission. We &djlis
ally. Another important assumption of Inutsuka’s model wes the zero-point values of individuaderschel images based on
the initial line-mass fluctuations along filaments could &gre- cross-correlations of thelerschel data with IRAS andPlanck
sented by a Gaussian random distribution. data (cf. Bernard et al. 20110). Figuré 1 shows an example of
250um surface brightness image of the Pipe Nebula at the native
In this paper, we exploit the unprecedented sensitivity amesolution of 182.
resolution ofHerschel submillimeter continuum images as well  For the present analysis, we needed high-resolution col-
as the proximity of the molecular clouds targeted as paref tumn density maps for recovering small-scale fluctuationiglwh
HGBS key project to characterize, for the first time, the sta-
tistical properties of the line-mass fluctuations alon@fistel-  * Herschelis an ESA space observatory with science instrtspeo-
lar filaments by analyzing their 1-D power spectrum. Our maifided by European-led Principal Investigator consortidaith impor-
goal is to constrain observationally the validity of thedhstical tant participation from NASA.
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would otherwise be smeared due to beam convolution. We e
ployed two methods for generating such column density mapSs
First, we generated column density maps at finctéive reso- ©
lution corresponding to the SPIRE 2&fh beam following the &
method described in Appendix A of Palmeirim et al. (2013). In>
this method, large-scale information is obtained from arst o
dard’ Herschel column density map constructed at the SPIRE®
500 um resolution, while finer details are recovered by c0n§
structing more approximate column density maps at the resg-
lution of SPIRE 35Q:m and SPIRE 25@m data, respectively.
Following the steps described in Palmeirim et al., we fitted a
single-temperature modified blackbody to the observedatata ~ ©-°
a pixel by pixel basis, adopting a wavelength-dependent dus 0.0 02 0.4 0.6
opacity of the formk; = 0.1(1/300um)* cn? per g (of gas Offset along RA [pc]

+ dust) with an emissivity indeg = 2 (cf.|Hildebrand 1983;
Roy et al! 2014). In the second, alternative method, we thyrec
converted the surface brightness maps observed at@250s
into approximate column density maps by using the relation © 5 10 15
NH2=|25o/(Bz5o[Td,SED]K25QuH2mH), Wheresz = 2.8 is the mean [ b) 12
molecular weight and 'y sep is the SED dust temperature ob- 10
tained by fitting a modified blackbody to the SED observed 8- [/ N/ Y N e
tween 16Qum and 50Qum with Herschel data toward each line> 19
of sight. For the Pipe Nebula filament shown in 5. 2, for ig?
stance, the median dust temperature along the filamentisré&st 101
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Tasep = 135 K. The advantage of the first method is thatg'% F

produces a more accurate column density map at t’ ¥8s- Sr

olution of the SPIRE 25@m data. The disadvantage, however,

is that the resulting map is significantly noisier than théREP ot 0
250um map and the point spread function (PSF) is mofigadilt 0.0 0.2 0.4 0.6

to characterize due to the various steps involved in thega®c Length [pc]

ing. In contrast, the second method which simply producet-mq-. . .
ified 250um maps, the fective PSF is exactly the same as thiczg' 2. Close-up view of the sub-region marked by a black

of the SPIRE 25@im photometer. Since an accurate knowled ﬁ;’?gldﬁréﬁ:zg?lii Thglgi 1é Sé?é)mr?t %?1 Z)((j%m'ﬁal g (égse:ar;eczrly
of the beam is importantin the present power-spectrum stuely P P

- : 45 pc, andlf) the line-mas&olumn density fluctuations along
report results based on the latter method in the main bodyeof he long axis of the same filament, both at th& 28-HPBW)

paper. The results of a power-spectrum analysis perforsiedu .., ion of the SPIRE 250m data. The black curve shown

mg?h:)edsglrlétlgir\]/gr? l#]mﬁpgzzzlg én a.lEﬁ' e@rggﬁﬁfﬂ \mteh r?t?ugrr:g (a) marks the crest of the filament as traced by the DisPerSE

of our conclusions. algorithm (cf.. Sousbie et &l. 2_011). b the right ordlnatg axis
shows the net btcolumn density fluctuations along the filament.
Equivalent line-mass values (assuming a characterissiméht

3. Filament identification width of 0.1 pc) are indicated on the left ordinate axis. Astant

. i background column density level was subtracted beforeideri
For the purpose of detecting coherently elongated filanmgntgy,

X . . the line mass fluctuations. The dotted horizontal line mé#nks
structures in the column density maps as well as the mod|f|ﬁfgan line mass of the filamertline) ~ 15 Mo/pc, which is

250 um images, we employed the DisPerSE algorithm whicly,y slightly lower the critical line mass of 16 8./pc for an
traces the crests of (segments of) “topological” filameytsdn-  jsqihermal cylinder at 10 K. The median relative amplitudie o

necting saddle points to maxima following the gradient in \ line-mass fluctuations iEﬁ"Qe,\;Ifn“e";‘"e>' ~ 0.07, within the linear

image (Sousbie et al. 2011; see also Arzoumanian et al. 2011 bati . h h lati litude i
Hill et al][2011 for details on practical applications of DerSE Pefturbation regime. The maximum relative amplitude 6.3

on Herschel images). It is important to point out here thafS -+

DisPerSE was used solely for tracing the filament crestdewnhi

the filament |Ongitudinal prOf”eS were measured d|rect|ym 4. Column density/”ne mass fluctuations a|0ng

original images. Our filament sample consists of 28 filamants selected filaments

the Taurus cloud (adopted distarte- 140 pc] Elias 1978), 42

filaments in the Pipe nebula regiod & 145 pc;lAlves et &l. Figure[2 shows an example of a longitudinal profile of column
2007), and 36 filaments in the 1C5146 cloudl € 460 pc; density or line-mass fluctuations along a marginally caitifd-
Lada et all 1999). Combining the three regions, we identifi@snent in the Pipe molecular cloud. As the mass per unit length
a total of 106 filaments of various lengths above a persis- or line mass is a fundamental variable in cylindrical geoynet
tence level ok 10°*cmi2. For a proper power-spectrum analy{cf. Inutsuks 2001), we converted the observed column gensi
sis which was our ultimate goal, however, we had to select-mdtuctuations to line-mass fluctuations by making use of treesgu
erately long filaments to have an adequate number of Founigriversal filament width- 0.1 pc found by Arzoumanian etlal.
modes at small spatial frequencies (see $éct. 5 below). @alr fi(2011). The line-mass fluctuations corresponding to thenexa
analysis was thus based on the subset of 80 filaments which glee filament displayed in Fid.]2a are shown in Hi@j. 2b, while
longer than % (~ 18 beams). the equivalent column density fluctuations are quantifiethen
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Fig.4. Power spectrum of the line-mass fluctuations observed

along the Pipe filament shown in Fig. 2, as a function of spa-
tial frequencys (bottom x-axis) or angular frequency (top

right ordinate axis of Fig2b. To estimate fluctuationsiigic  X@Xis). In both panels, the black plus symbols show the ob-
to the selected filaments themselves, a mean line-of-siagtk-b served power spectrurou(s). In panel a), the red dots show
ground column density was subtracted from the observed difl§ POWer spectrumionds) — P, Oggﬁ‘]';[‘gd after Slibtragtmg a
for each field. The dotted horizontal line in Fig. 2b shows th&NIte NOise power spectrum levef; ~ Ix10* Mo%/pc,
mean line-mass of the filament (5.5 Mo/pc), allowing one to m_arked by the hon;ontal red line and _estlmated from the me-
evaluate the relative strength of the line-mass fluctuatidyout 9ian vf':llue 0fPob(9) in the 3.9-4.2 arcmirt angular frequency
the mean. In this example, as well as for all other subcfitici2N9€; the blue triangles show a similar power spectrun afte

filaments in our sample, the line-mass fluctuations are simallsubtracting the instrument noise power spectrum ley8P" ~
relative amplitude, i.e MecMil < 0.1, implying that the per- 4.0x10™° My?/pc, marked by the horizontal blue line and cor-

lin

turbation modes are in the linear regime (see also Sectovpel responding to the instrument noise levet & 1 MJy/sr in our

Figure[3 shows the distribution of normalized Iine-mass-flucspIRE 25Qum maps according to HSpbitin panel b), the cyan
. Mine—<Mine> : dots show the noise-subtractant beam-corrected power spec-
tuations,s = —e—=—lne> "glong the 67 filaments of our sampl

3 Mine> . . . etrum, Pirue(S) = (PobdS) — Pn)/ybeam The vertical dotted line in
which are subcritical over their entire length. It can bensge |, panels marks the FWHM of the beam power spectrum at
Fig.[3 that the distribution of line-mass fluctuations fobetiti- 250um (S~ 2 arcmi* — see FiglAlL), which is also the high-
cal filaments is nearly Gaussian, which is an important apsumyg; frequency data point used to fit a power-law function. The
tion of the CMFIMF model calculatlons_presented by 'nU_tSUk?/ertical dot-dashed line is the Nyquist angular frequengg)
(2001). It can also be seen that the deribitg-mass fluctuations ¢4, sp|RE 25Qum data. The power-law fits to the power spectra
glong subcnﬂca_l filaments are typically less than 10%, aee Pobs(S) andPyue(S) have logarithmic slopegops = —2.1+0.2 and

in the linear regime. ayee = —1.6 + 0.2, respectively. (Considering only angular fre-

The power spectrum of the fluctuations observed along th@encies up ts = 1.5 arcmin?, the best power-law fit t®e(S)

filament displayed in Fid.]2 is shown in FIg. 4 and discussed las a slopeyye = -1.7+0.3.)

Sect[5 below. Panels)and p) of Fig.[3 and Figlb are similar

to Fig.[2 but show two extreme examples of a subcritical fila-

ment (with< Mine > ~ 3 Mg/pc << Miinecrit) and a supercritical 5. Power spectrum analysis of the filaments

filament (with< Mjpe > ~ 30 Mg/PC > Miinecrit) in the 1C5146
and Taurus clouds, respectively.

Note that the column densjtine mass longitudinal profiles
used in this paper (see, e.g., FIgs. 20 & 50 & 6b) havetattve
18’2-beam resolution. The pixel resolution of the correspogdi
data is 80, close to the Nyquist sampling limi(2D ~ 7/4) P(s) = l|l~(s)|2 (1)
of SPIRE 250«m observations wherB = 3.5m is the diame- L ’
ter of the primary mirror of théderschel telescope. When de- , _
riving physical properties from the power spectra of indinal Wheres denotes spatlaz! Lreqyency (asdlenotes angular fre-
filaments, we took special care to exclude angular freqesncfluency).i(s) = [1(1)e? dl is the Fourier transform of(l),
higher than the Nyquist critical frequenByA ~ 1/(2x 7.4”) ~ andL = fdl is the total length over which the signal is mea-
0.068 arcset ~ 4.0 arcmirt?, sured. In the present case, it is convenient to 1§Reto be the

The normalized power spectruR(s) of a 1D spatially-varying
field 1(1) is proportional to the square of the Fourier amplitude
of the signal, and mathematically the relationship in the-on
dimensional case is:
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Fig.5. Panels ) and p) are similar to FiglPa and Figl 2b butFig.6. Similar to Fig.[% but for the thermally supercritical
for an example of a thermally subcritical filament in the 1861 filament B21}1B213 in the Taurus cloud at~d140 pc (cf.
molecular cloud (¢ 460 pc). The mean line mass of the filaPalmeirim et all 2013). The mean line mass of the filament is
ment iIs< Mjpe > ~ 3 Mg/pC << Miinecrit, 88 shown by the < Mjpe >~ 30 Me/pC >> Miinecrit, @S Shown by the dotted hori-
dotted horizontal line in panebj. The median relative ampli- zontal line in panellf). (Here,< Mjje > was obtained by mul-
tude of the line-mass fluctuationsw ~ 0.06, within tiplying the mean background-subtracted column densitya by
the linear perturbation regime. Pane) (8 similar to Fig[# but characteristic 0.1 pc width, whereas Palmeirim et al. (@13
for the 1C5146 filament. The power-law fits to the power speéained a value of 54./pc by integration over the full radial
tra Pops(S) and Pyue(s) have logarithmic slopes1.8 + 0.2 and column density profile of the filament.) The median relatine a
-1.2 + 0.4, respectively. (Considering only angular frequencigdlitude of the line-mass fluctuations W ~ 0.4. Note
up to s = 1.5 arcmin?, the best power-law fit t@®y.e(s) has a the spike features corresponding to the positions of demisesc
slopeaie = -1.1+0.3.) along the filament and capturing non-linear density pegurb
tions. In panel¢), the power-law fits to the power specBa,«S)
and Pye(s) have logarithmic slopes2.2 + 0.2 and-1.9 + 0.3,
respectively. (The best power-law fit Bye(S) is unchanged if
only angular frequencies up &= 1.5 arcmir* are considered.)

field of line-mass fluctuations (iM./pc) along a given filament POWer spectrufhterm, Py(s), and can be expressed as:
and to express theiset along the filament crestjn units of pc. B
Then, the normalized power spectriR(s) has units oiM2/pc. Pobs(S) = Pirue(S) X Ybean{s) + Pn(S)- @

The observed signal after convolution with the telescope The SPIRE bolometers have a measured temporal stabit§0s,
beam,B, is given bylgpgl) = lyue(l) * B + N(I), whereN(l) Which for Herschel parallel-mode observations taken at a scanning
is a noise term arising from small-scale fluctuations primagPeed of 60 s d.”a”ts'ates tlo a/f nose knetehai:’ Spat'a::.freqz”e?
ily due to instrument noise. The Fourier transformigh(l) is Geo-corePONANG {0 anguiar scaies farger (see Fig. 2 0

e = o : . |Pascale et al. 2011). The angular scale of the longest fitaowersid-
lobs(8) = ltrue(S) x B(s) + N(s). Using Eq.[(1) and the foregoing g e here ¢ 2°) is significantly smaller than both the angular scale of

relation, it can be seen that the total power spectrum obgeryhe 1/t knee and the maximum scan length of the corresponding scan-
along the filament axis is composed of the true power spectruiihp observations. We can therefore safely assume thatstrerirental
Pue(S), due to line-mass variations along the filament modifiagbise behaves like a white noise over the entire range dtsbfraiguen-

by the power spectrum of the beamean(s), plus a white noise cies considered in the paper.
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of 13.5 K as measured along the filament crest in Big. 2ra 1
=f ‘ ‘ ‘ ‘ rms level of~ 1 MJy/sr at 250um corresponds to a standard
20f .,-’4‘47(\ ] deviation omiine,Hspot ~ 0.09Mg/pc in line-mass units. Given

the distanced = 145 pc to the filament of Fidl2, this yields

' ] PESpOt = O-ﬁllline,HSpot/(z Smax) ~ 4.0 x 10°M2/pc in the same

\ ] unit as that used on the y-axis of Hig. 4.

A N The red dots and overplotted blue triangles in Elg. 4a show

Shi--2y L ] the power spectrum data points after subtracting the etiina
RN noise spectrum levélesimaedang the expected instrument noise

230 25 20 15 1.0 -05 spectrum leveP >, respectively. It is apparent from Figl 4a

Power spectrum slope, a that the departure of the noise-subtracted data points fhem
. o observed filament power spectrum is negligible in the angu-
Fig.7. Distributions of power spectrum slopes measured befogg frequency ranges < 2 arcmin® where we fit a power-

beam correction (dashed histogram) and after beam camectay slope. Therefore, even though our estimated noise sact
(solid histogram) for our selected sample of 80 filamentstBe|gye|, pestmated |ikely overestimates the actual noise spectrum

fit Gaussian curves to the two observed distributions are-ovgyel, the step of noise subtraction hageetively no influence
plotted. The two distributions are centered@ys = 2.0+ 0.2 on the estimated power-law slope of the observed power spec-
andacor = —1.6 + 0.3 for the uncorrected and beam-correctegm.

power spectra, respectively. The beam-corrected power spectriPpye(s), shown by the
cyan solid dots in Fig.]4b was obtained by dividing the noise-
éMbtracted power spectrum by the 2868 SPIRE beam power
Spectrumipeam. The derivation of the SPIRE beam power spec-
trum is described in AppendiXIA. THeyp«s) spectrum has more
ppwer at low spatial frequencies(large scales) and decreases

e

No. of filaments per bin
A,

In deriving Eq. (2), we assumed that the noise and the filam
line-mass fluctuations are completely uncorrelated, tiegpih a
vanishing cross-power spectrum term. To estimate the &ampli

of Pn(s), we computed the median of the power spectrum in y ! R
narrg\(/v)band of :fngular frequencies, 3.9 grc*rhiri p§ <42 roughly as a power law toward high spatial frequencies until

) - erges with the noise power spectum level at a spatial freryjue
Z:gm:gl’ centered about the Nyquist angular frequency of 4i: ose tos ~ 100 pc* (i.e., angular frequency 4.0 arcmin?).

In practice, to recovePyue(s), we first computePop(s) The beam-corrected powerspe_ctrlR{,{,e(s), h_asa§llghtlyshal-
directly from the data, then subtracted a constant noiseepo wer slope tharPopys). At spatial frequencies higher than the
level, and finally corrected the result for the beam convoiut t'WIHIM of ;[he b:(;im eower S|Ioe<?trum shown tz)y the _doltte_d ver
effect by dividing byypean(s). Within the relevant range of an- Ical iné ats ~ pc™ (angular frequencsg ~ 2 arcmir) in

; < Fig.[4, Pyue(9) is overcorrected due to amplification of residual
gular frequenciess( < FWHM of the beam power SIOeCtrumnoise when dividing by the beam power spectrum. This unphys-

o ;
]:i'tégrg Mi™), bOthPopy(s) an dI,D”UE(S) can be approximated andical rise of Pyue(S) (see Fig[#b) at very small angular frequen-
y a power-law function: S ;
cies is a generic feature of beam-corrected power spectta an
Pobstrue(S) ~ P(So)(S/S0)?ewse, (3) is well documented in earlidrerschel studies of cirrus noise
(e.g..Martin et al. 2010; Miville-Deschénes etlal. 201@).get
whereP(s) is the normalizing amplitude of the power spectruraround this problem, it is customary to avoid angular fregue
at spatial frequencg, anda is the power-law index of the fitted cies greater than the FWHM of the beam power spectrum, i.e.,
power spectrum. s> 2 arcmirr! at 250um (cf.[Miville-Deschénes et &l. 2010), a
The results of such a power spectrum analysis are shog@mpromise that we also adopt in this paper. Upon visualy in
in Fig. [4 for the marginally critical filament of Fid.] 2. Thespecting Figilb, there may still be an indication of a sliger-
plus symbols in Fig.}4 correspond to the observed power speerrection ofPy,(s) in the frequency range 1.5 arcming s< 2
trum of the example filamen®qu4(S), prior to noise subtrac- arcmirr?. Therefore, we also report the results of more conserva-
tion and beam correction. The upper panel of Eiy. 4 expligve power-law fits obtained by fittinBye(s) only up tos= 1.5
ity shows the &ect of noise level subtraction. The horizonarcmirr?. Finally, it is common practice to avoid very small spa-
tal red line marks the estimated power level due to instrumatfal frequencies when fitting power spectrum slopes in tteeca
noise, PgSimated= 1104 My?/pc, derived following the above of 2D images, due to reasons such as edgets or large scan-
recipe. For comparison, the blue horizontal line shows #hisen ning lengths. In principle, in the case of a filament much $enal
power spectrum IeveIFﬂjSpm) corresponding to the rms instru-than the size of the mapped region, there should be no techni-
ment noise level (i.e.,d ~ 1 MJy/sr or~ 10 mJybeam) ex- cal difficulty in reconstructing features at all angular scales with
pected for SPIRE 25@m data corresponding to two orthog-Fourier modes. To be on the safe side, we nevertheless extlud
onal scans taken at 86! in parallel-mode observations ac-the smallest non-zero angular frequency data point whemgfitt
cording to theHerschel Observation Planning Tool (HSp@t) a power law to the power spectrum of each filarflent
The noise power spectrum leve[>** was determined using  For the Pipe filament shown in Figl 4, the beam-corrected
Parseval's theorem which relates the variance of the imstry  POWer spectrum has a PeSt'f't 5|0f’2$ue=51~6 + 0.2 and an
tal noise to the integral of its power spectrutfy, . oo = aMPlitudeP(s = 10 pc)= 9.5<10 “ My7/pc. For compari-
Smax oHSpOL HSpot . S son, the observed power spectrum has a somewhat steeper best
Jo Py PPds = 2 smaxx Py, where the integral is taken overg¢ slope agps=—2.1 + 0.2 and an amplitud®(s, = 10 pcl)=
the relevant spatial frequency range given the maximumlangusx10-2 M,?/pc. Two other examples of filament power spectra
frequencysnax = 4.0 arcmim® sampled by our SPIRE 25@m

data. For a 0.1-pc wide filament with a median dust tempezatur® Note that including the lowest data point when fitting the power
spectrum slope would change the overall distribution gbetoin Fig[¥

3 httpy/ herschel.esac.esa/ilbcgHSPOThtmlhspot-help.html by less than one standard deviation.
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are shown in Fid.J5c and Figl 6c for the 1C5146 subcritical fila

ment of Fig[ba and the Taurus supercritical filament of Bay. 6 i 1
respectively. 10.00 ) . S 4
21 -2 g
; Ny, [10%" em™?] 0 % 100k ]
T 2 |
1 ° [—
- | g i
3 100k 5 0.10F E
S 0 . i
z ¢ ?
R ' 0.01 . .
5010 i E 0.1 1.0 10.0
% ' ] Length [pc]
1
1
0.01 : Fig.9. Dispersion of line-mass fluctuationsy,, versus pro-

! o [ /WS] jected lengthL for the filaments in our sample. The solid line
e TP shows the best-fit power-lamy,,, o L°7 to the data points. For
comparison, the dashed line shows a power-law scaling equiv
ent to the well-known linewidth—size relation in moleaul
cloudsoy o L% (cf. [Larson 1981), with an arbitary normal-
ization.

Fig. 8. Square root of filament power spectrum amplitudepat
= 10 pc?! versus mean line mass of each filament. The sol
line shows the best-fit power-la®"/?(s) o« Mi-#%1. The cor-
responding meahly,-column density level is shown by the up-
per coordinate axis. The vertical dashed line separatazisub
ical filaments (cyan filled circles on the left) from supeticsil

filaments (blue filled circles on the right). modes inside a filament increase with the mean line mass of the

filament. A similar empirical correlation, with a somewhét d
ferent power-law indexReinus « (S,)°) exists between the 2D
power spectrum amplitude of far-infrared cirrd;f,s) and the

o ) average surface brightne&s,) in far-infrared images of the sky
5.1. A characteristic power spectrum slope for filaments (Gautier et all. 1992).

To reach statistically significant conclusions on the tgpic

power spectrum slope, we considered a sample of 80 sultriti§ 3 | ine-mass dispersion versus filament length

(or marginally supercritical) filaments belonging to thdégtinct

nearby molecular clouds (see S€¢t. 3). Since the religioilithe Figure[9 shows that the dispersion of line-mass fluctuations

derived power spectrum properties also depends on the dgnaaiong the long axis of each filamenty,,, is correlated with

range covered in spatial frequency space, we excluded from the physical lengti. of the filament. The best-fit power-law re-

present analysis filaments which were smaller th&hib the lation betweernry,,, andL is o, o« L%, which is reminis-

plane of sky. The resulting distribution of power spectriiopes cent of the well-known power-law scaling between interrel v

is shown in FigllV. The two histograms shown by the dashed andity dispersion and region size in molecular cloudsg & L%°)

solid lines represent the distributions obtained for theesbed originally found byl Larson[(1981). Such a similarity is nats

[Pobs(s)] and beam-correctedPfe(s)] filament power spectra, prising since, in the subsonic turbulence regime which appr

respectively. Both histograms are well fitted by Gaussiatridi imately holds for subcritical or marginally subcriticalafihents

butions (see Fid.]7). (Arzoumanian et al. 2013), density fluctuations are expuktie
The mean power-law indexyps = —2.0 + 0.2 measured for be directly proportional to velocity fluctuations.

the observed power spectra is slightly steeper than the mean

power-law indexvcoy = —1.6 + 0.3 obtained as < 2 arcmirr!

after correcting for the beam convolutioffext. FittingPyue(s) 6. Concluding remarks

with a power law over the more conservative range of angul8r . . . .

frequenciess < 1.5 arcmin? yields essentially the same index ur one-dimensional power spectrum analysis along th? axis

within errors,@cor = —1.8 £ 0.5. The distribution of beam- of 80 nearbyHerschel filaments shows that the longitudinal

corrected power spectrum slopes has a larger dispersionitba !lne-mass fluctuations along these filaments have a characte

. tic 1D power spectrum slopec,r = —-1.6 + 0.3. This re-
distribution of uncorrected slopes, due to the propagatfam- IStic. ! : cor .
certainties resulting from the amplification of residualssoat sult is the first observational confirmation that the derisity-

mass fluctuations along interstellar filaments have a cteniac
small scales. X -
tic power spectrum slope. The slope we find is remarkablyeclos
to the fiducial valuerneory = —1.5 adopted by Inutsuka (2001)
5.2. Correlation between P(sy) and mean column density in his attempt to explain the origin of Salpeter-like povieas
. . . ... _tail of the CMHIMF at the high-mass endil/dM o« M~25).
tFr:gL:irr?? rﬁgggvﬁuit%%?ilgxz C:Xrgergist's‘g:j%?t‘?’;?nat:;tﬁrgrr)rl]':ldneRepeating Inutsuka’s analysis with the observationadlyived
) X ! ' . . power spectrum slope.or = —1.6 found in the present st
column density of the filaments. In other words, filamentswit” P Pecorr P Uy
higher mean colu.mn densities tend to have. higher POWET SPEE-iere. we adopt the mean, beam-corrected valye = 1.6 derived
trum amphtu_de; i.e., stronger column de_nsny fluctuaidrhe , Sect[511 as our best estimate of the power spectrum dltspeg the
red straight line in Fid.J8 shows the best-fit power law to thd prescription of Inutsukd (2001) with the mean power-laweidps =
points, which has an index of4+ 0.1. Physically, this empir- —2.0 measured before beam correction (see[Big. 7) instead eadd
ical relation means that the rms fluctuations of the pertiu®a to a CMF approachingN/dM « M~22 after a few free-fall times.
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would lead to a CMF approachimtN/dM o« M~2# at the high- tion scale of filaments may set the peak of the lognormal base
mass end after a few free-fall times, which is even closer toofithe prestellar CMF (e.q. André et al. 2014), while thelevo
Salpeter mass functionl/dM o« M~235), tionary characteristics of the underlying line-mass pétions
Interestingly, the measured power spectrum of density flueray help to set the power-law slope of the GMF- at the high
tuations along interstellar filaments shows a striking Eimi mass end (Inutsuka 2001 and this paper). A final caveat should
ity to the energy spectrum or velocity power spectrum of ibe mentioned, however. There is mounting evidence that true
compressible hydrodynamical turbulence in 1D, ilg(s) « high-mass analogs to low-mass prestellar cores may not exis
PUb(g) o« 553 (KolmogoroVl 19418. Note that, as long as self- (e.g/Motte et al. 2007) and that massive protostars mayiacqu
gravity does not dominate, the continuity equation impéieti- the bulk of their final mass from much larger scales than a sin-
rect proportionality between the Fourier modes of smalkitgn gle prestellar core (e.g. Peretto et al. 2013). Further waltibe
fluctuations and the modes of subsonic velocity perturbatio needed to evaluate the relative importance of initial dgrilsic-
Our measured power spectrum slope for the density fluctustiduations and large-scale accretion in generating the highs
(acor = —1.6 + 0.3) is thus consistent with the fact that subcritiend of the IME.
cal (and marginally supercritical) filaments, such as tlaarfénts
considered in the present study, are observed to have dulogonAcknowledgements. We are thankful to Prof. Shu-Ichiro Inutsuka for stimulat-
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Appendix A: Deriving the power spectrum of the
SPIRE 250 um beam

The power spectrum of the SPIRE 2hth beam was derived
from an empirical PSF image obtained by the SPIRE ICC fro
scan map ddfeof Neptune in four directions. There are two set
of empirical PSFs available, one gridded at the nominallpix
size for each SPIRE passband and the other at a higher p
resolution of 06. We used the latter product, but the angulér
extent of the footprint was only about® corresponding to an
angular frequency scale 8f0.3 arcmirr, insufficient to correct frequencies. The distribution of power spectrum slopeg/eer
for the beam convolutionfiect on large scales (i.e., smajl 9 X P P P

Therefore, to extend the angular frequency range of the bezfa[e opz‘ﬁg;rr]eesn?lsu}lsogh(:(;)vl\;:]mirq ﬁ?&yzm'?ﬁz ﬁ;;hne V(V)r\)\?elf ;saé]::-_
power spectrum to lowes values, we embedded the beam maj " P P
rum slopes before and after correcting for the bediace are

of Neptune inside a larger map ‘250n a side, and then padde — : ol
: : : ; aops = —1.9 + 0.3 andacorr = —1.6 + 0.45, respectively. Within
the pixels outside the central Neptune insert using thefiieXd the quoted errors, these resuits are indistinguishabie frmse

Gaussian approximation to the beam. . ; o
The power spectrum of the SPIRE 25t beam as a func- foundin Secf.5]1 using modified 25N maps.

tion of angular frequencyypean(s), is shown in FigCALL. The
power spectrum asymptotically converges to unity at small a Angular frequency, 5 [arcmin™']
gular frequencies but rapidly declines toward high angfriar 0.1 1.0
quencies (small angular scales). We caution that the SPERED
spectrum has a slight suppression of power around 0.2 arémin 10°
< §< 1.5 arcmin' compared to a pure Gaussian shape. T@s .
problem led_Martin et al. (2010) and Miville-Deschéneslet-& 10
(2010) to approximate the beam power spectrum using higﬁen—o-z
order polynomial corrections to the Gaussian fit. Tiedive &

full width at half maximum (FWHM) of the SPIRE 25pm & 107°
beam power spectrifhis about 2 arcmin', as shown by the

Hmn density map obtained using the multi-scale decompositi
cheme af Palmeirim et al. (2013). The power spectrum vaties

%igh spatial frequencies has more scatter than the onesdidiv
nvertingl 250 to Ha-column density (see Figl 4). This is primar-

Y l)ecause the multi-scale decomposition technique éhices

uctuations at small spatial scales which manifest thewesel

through enhanced scatter in the Fourier modes at high spatia

10"

R L B AL AL AL R

-4
dashed curve in Fig. Al1. 10
Spatial frequency, s [pc™']
Appendix B: Results from high-resolution column Fig. B.1. Power spectrum of the line-mass fluctuations along the
density maps Pipe filament of Figl12 as measured in the high-resolutigh H

, ) column density map resulting from the multi-scale decompos
Figure[B.1 shows the power spectrum of the same filament gy, technique of Palmeirim etlal. (2013). (Similar to Figbut
ready displayed in Fi] 2 but derived from a high-resolutioR  p5sed on data from the high-resolution column density map in

9 The reduction of the beam map fromStead of the modified 250m map.) The power-law fits to the
scan-map data of Neptune is described fower _spectraPobs(s) (bla_ck p_Ius symbols) anéyue(s) (cyan
httpy/herschel.esac.esa/MbcySPIRENtmMI/spire om.htm filled circles) have logarithmic slopegps = -2.3 + 0.2 and

10 For a Gaussian beam the beam power spectrum is also Gausstany = —1.7 + 0.3, respectively.
and its FWHMT, is related to the half power beam width (HPB\),

by’ = V8In2/xQ.
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Fig. B.2. Distributions of power spectrum slopes measured in the
high-resolution H-column density maps before beam correction
(dashed histogram) and after beam correction (solid hiata}
(Similar to Fig[T but based on data from the high-resolutioln
umn density maps instead of the modified 280maps.) Best-fit
Gaussian curves to the two observed distributions are tterp
ted. The two distributions are centered @gs = —1.9 + 0.3
andacor = —1.6 + 0.45 for the uncorrected and beam-corrected
power spectra, respectively.
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