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Abstract

We discuss the effect of ram pressure on the cold clouds in the centers of cool-core galaxy clusters, and in
particular, how it reduces cloud velocity and sometimes causes an offset between the cold gas and young stars. The
velocities of the molecular gas in both observations and our simulations fall in the range of 100—400km s, which
is much lower than expected if they fall from a few tens of kiloparsecs ballistically. If the intracluster medium
(ICM) is at rest, the ram pressure of the [CM only slightly reduces the velocity of the clouds. When we assume that
the clouds are actually “fluffier”” because they are co-moving with a warm-hot layer, the velocity becomes smaller.
If we also consider the active galactic nucleus wind in the cluster center by adding a wind profile measured from
the simulation, the clouds are further slowed down at small radii, and the resulting velocities are in general
agreement with the observations and simulations. Because ram pressure only affects gas but not stars, it can cause a
separation between a filament and young stars that formed in the filament as they move through the ICM together.
This separation has been observed in Perseus and also exists in our simulations. We show that the star-filament
offset, combined with line-of-sight velocity measurements, can help determine the true motion of the cold gas, and
thus distinguish between inflows and outflows.
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1. Introduction

Most dynamically relaxed galaxy clusters have a cool core
where the temperature of the intracluster medium (ICM) is only
1/2-1/3 of the virial temperature (Fabian 1994). Although
these cool-core clusters do not harbor classical cooling flows
of hundreds to a thousand solar masses per year, likely due
to radio mode active galactic nucleus (AGN) feedback
(McNamara & Nulsen 2007), many of them develop a “reduced
cooling flow” (O’Dea et al. 2008). The detection of He, CO,
and other emission lines indicate the presence of multi-phase
gas in the centers of cool-core clusters (Hu et al. 1985;
Edge 2001). In fact, the brightest cluster galaxies (BCGs) often
contain molecular gas of 10°-10'' M., with a typical star
formation rate of a few to a few tens of solar masses per year
(Hicks & Mushotzky 2005; Hoffer et al. 2012).

The cold gas in some clusters is only detected in the nuclei,
but in many other clusters, it exhibits clumpy or filamentary
morphology with a spatial extension of a few to a few tens of
kiloparsecs (McDonald et al. 2010). The clumps/filaments
usually have complex dynamics, showing both inflow and
outflow, with typical line-of-sight velocities of 100-400 km s~
(Salomé et al. 2006; McDonald et al. 2012; Tremblay
et al. 2016). In nearby cool-core cluster Perseus, filaments
are observed to have typical widths below 100-500 pc
(Conselice et al. 2001). The Ha filaments are spatially
coincident with soft X-ray features, suggesting that they
originate from thermal instabilities of the hot ICM (McCourt
et al. 2012; Sharma et al. 2012). The cold filaments stretch out
predominantly radially from the nucleus (Canning et al. 2010).
They also coexist with dust lanes (Mittal et al. 2012) and
sometimes UV features (McDonald & Veilleux 2009), suggesting
that some filaments are forming stars. In Perseus, there is often an
offset of 0.6—1 kpc between the Ho filaments and the young stars

(Canning et al. 2010, 2014). The cold gas is also often found
behind or along the peripheries of radio bubbles, suggesting a
link between cooling and AGN activities (Fabian et al. 2003;
Russell et al. 2017; Tremblay et al. 2016).

Recent high-resolution numerical simulations have shown that
momentum-driven AGN feedback can suppress radiative cooling
and stimulate thermal instabilities (Gaspari et al. 2012; Li &
Bryan 2014b; Meece et al. 2017; Yang & Reynolds 2016). The
velocities of the cold gas in simulations typically fall in the same
range as observations ~100—400kms ' (Prasad et al. 2015),
which is much lower than expected if the gas falls ballistically to
the cluster center from a few to a few tens of kiloparsecs.

The effect of ram pressure on cold clouds has been studied
extensively in our own galactic halo (e.g., Heitsch &
Putman 2009). In galaxy clusters, ram pressure is mostly
studied in the context of ram-pressure-stripping of gas from
galaxies moving through the ICM (Tonnesen & Bryan 2008;
Ruszkowski et al. 2014). In this paper, we examine the effect of
ICM ram pressure on the cold clouds in the centers of cool-core
clusters. We argue that if the cold gas is slightly “fluffier” (with
a lower average density) than previously assumed, when taking
AGN wind into consideration, the effect of ram pressure can
slow down the motion of freefalling cold clouds such that their
velocities are in agreement with observations and simulations.
In addition, ram pressure can cause a separation between cold
filaments and newly formed young stars that explains the
typical offset observed in Perseus. Furthermore, the offset,
combined with the line-of-sight velocity measured from
emission lines, can help discern between inflows and outflows.

The paper is structured as follows. Section 2 briefly
describes the simulation discussed in the paper. Section 3
shows the velocities of cold clumps in simulations and in
observations (Section 3.1), and analyzes the effect of ram
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pressure on the clump velocity under different assumptions
about clump density and ICM velocity (Section 3.2). In
Section 4.1, we show the offset between cold clouds and young
stars in simulations. In Section 4.2, we analyze how ram
pressure causes this offset, and discuss how to use the offset to
understand the true motion of the cold gas. We summarize this
work in Section 5.

2. The Simulation

In this section we briefly describe the simulation analyzed in
this work, which is the standard run in Li et al. (2015).

We use the adaptive mesh refinement (AMR) code Enzo
(Bryan et al. 2014) with the Zeus hydrodynamic solver (Stone &
Norman 1992). The smallest cell size is ~244 pc. Our earlier
work without star formation (Li & Bryan 2014a, 2014b) has a
higher resolution, but the general results are converged, including
the physical properties of the cold clouds (except their sizes). We
set up an isolated Perseus-like cool-core galaxy cluster initially in
hydrostatic equilibrium. The momentum-driven AGN feedback is
modeled with a pair of collimated and mass-loaded non-relativistic
jets, powered by the accretion of cold gas surrounding the SMBH
in the center of the cluster. Radiative cooling is computed based
on a cooling table with a temperature floor of 300 K and a half-
solar metallicity (Schmidt et al. 2002; Schure et al. 2009). Other
important physical processes include self-gravity of the gas, star
formation, and stellar feedback (Cen & Ostriker 1992).

The simulated cool-core cluster experiences cycles of gas
condensation/AGN outbursts on 1-2 Gyr timescales. At the
beginning of each cycle, in the absence of cold gas and AGN
feedback, the ICM cools radiatively and the cluster relaxes
toward a classical cooling flow profile. The onset of a global
cooling catastrophe in the cluster center turns on AGN feedback,
which dredges up low-entropy ICM to larger radii, triggering
more condensation along the jet path. Some of the condensed gas
turns into stars, and some falls to the cluster center and feeds the
SMBH. Shock dissipation facilitated with mixing and adiabatic
processes globally heats up the ICM of the cluster core, slowing
down further condensation. Eventually, when star formation and
stellar feedback consume all the cold gas, AGN feedback is shut
off, allowing the ICM to cool again: the system enters the next
cycle (see Li et al. 2015 for details).

The simulation produces a wide range of features in general
agreement with the observations, including the spatially extended
filamentary multi-phase gas and star-forming structures (Donahue
et al. 2015; Tremblay et al. 2015), and the low velocities and
velocity dispersions of the hot ICM (Hitomi Collaboration et al.
2016; Li et al. 2017). In this work, we focus on the cold clouds,5
in particular, how ram pressure affects their velocities and what
are the implications and applications.

3. The Velocities of Infalling Cold Clouds

3.1. The Velocities of Cold Clouds in
Simulations and Observations

In this section, we present the velocities of the cold clouds
measured in our simulations (Li et al. 2015) and compare them
with the observations. The main reason for discussing the

> The cold gas in both simulations and real clusters exists in filamentary/
clumpy structures (they appear to be more clumpy than filamentary in
simulations, likely due to the lack of magnetic fields). We refer to the cold
structures as (cold) filaments, clumps, and clouds almost interchangeably in
this work.
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simulation is to guide physical intuitions and to lend credence
to the simple analytical models that we discuss later in the
paper. The focus is not the simulation result itself, but the fact
that the cold gas velocities in the simulation are similar to what
is observed as we show in this section, which is the justification
for us to use the simulations to motivate the assumptions used
in the analytical models.

The molecular gas in the centers of galaxy clusters has line-
of-sight velocities and velocity dispersion of a few hundred
kms™' (typically <200-300km s~ ') measured from emission
lines (McDonald et al. 2012; Russell et al. 2017; Tremblay
et al. 2016; Vantyghem et al. 2016). The observed velocities
are much lower than the freefall velocity, i.e., if the molecular
gas falls ballistically from a few tens of kiloparsecs, which we
discuss in more detail in Section 3.2. The velocities of the
molecular gas in simulations of Li et al. (2015) are consistent
with the observations, and many of the cold clumps do form at
radii of a few tens of kiloparsecs (Li & Bryan 2014b).

Figure 1 shows the line-of-sight velocities of the cold gas at
t = 0.72Gyr in our simulation (left panel). We choose a
snapshot with SFR ~4.5 M, yr~! to compare with a nearby
cool-core cluster Abell 2597, which has an IR SFR of
~4-5 M, yr~! (Donahue et al. 2007). The right panel of
Figure 1 shows the velocities of molecular gas in the center of
Abell 2597 based on the ALMA observations of CO(2-1)
emission. The simulations do not resolve the atomic and
molecular physics. We select gas with temperatures below
10*K to compare with the observed molecular gas. The cold
gas is then decomposed into a redshifted (shown in red)
component with receding line-of-sight velocities, and a blue-
shifted component with positive line-of-sight velocities shown
in blue. The observed molecular gas in Abell 2597 is
decomposed and plotted in a similar fashion. In both
simulations and observations, the cold gas shows complex
velocity structures, with the blue-and redshifted components
sometimes overlaid or next to each other in projection. The
typical velocities in both simulations and observations are
below 200 kms ™.

In Figure 2, the transverse velocity field is overplotted as
black arrows, which shows the velocities of all the gas within a
slice through the cluster center projected on the y—z plane. The
velocities of the hot ICM and the cold gas are not distinctively
different, and are both rather low in most areas. In the very
center of the cluster where the jets are launched, the velocities
of the hot ICM can be rather high (>1000km s see
Section 4.2 for more discussion). When the high-velocity
outflow hits the cold gas, instead of uplifting the cold gas, it
gets blocked and redirected, finding its path of least resistance.
Even though the jets are launched along the z-axis (vertical
direction) from their base, the actual outflow at this moment is
channeled out mostly along the positive y-axis.

The distribution of cloud velocities along lines of sight is
shown in the top panel of Figure 3. The velocities of both
components are below 360 kms~'. Most of the cold gas has
velocities below 200 km s~ '. The line-of-sight velocity disper-
sion is also rather low, with a typical value of a few tens
of kms™!, the distribution of which is shown in the bottom
panel of Figure 3.

In addition to the snapshot shown here, we have also looked
at the velocity distribution at other times and found that the
velocity range (~100—400km s~ ") is similar to what is found
in Prasad et al. (2015) and is in general agreement with the
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Figure 1. Left: the line-of-sight velocity of the gas with temperatures below 10* K at ¢ = 0.72 Gyr in the standard simulation of Li et al. (2015). The redshifted
component with receding line-of-sight velocities is shown in red, and the blueshifted component with positive line-of-sight velocities is shown in blue. Right: the line-
of-sight velocity of the molecular gas in Abell 2597 based on the ALMA CO(2-1) observations.

observed range. The actual distribution of the velocities can be
dependent on the simulation resolution and the model
parameters (for example, the mass of the cluster, the width
and the initial velocity of the jets). The focus of this work is not
to reproduce the observed velocity distribution in simulations,
but rather to use the simulations to gain insights as to why the
velocities measured in both real and simulated clusters are
different from simple theoretical calculations, as we discuss in
the following section.

3.2. The Non-ballistic Motion of Cold Clouds

In this section, we compute the velocity of a cold cloud
infalling through the ICM toward the cluster center. As is
shown in Li & Bryan (2014b), in simulations with momentum-
driven AGN feedback, cold clouds often have positive radial
velocities (moving outward) when they first form, as the AGN
jet triggers condensation in the marginally stable ICM.
Precipitation can also happen when the ICM is thermally
unstable (see discussion in Choudhury & Sharma 2016; Voit
et al. 2017). Alternatively, the cold gas may have formed at the
bottom of the potential and been dredged up by radio bubbles
(Werner et al. 2010; Tremblay et al. 2012). The different
formation scenarios may lead to differences in the velocities of
the outflowing molecular clouds. However, the focus of this
work is not to decide which formation mechanism is correct or
dominant. In all cases, cold clouds experience similar infalling
processes. That is, when the cold clouds form out of linear
thermal instabilities of the ICM, or when they hit the turnover
point of their motion after decoupling from the AGN outflows
or rising radio bubbles, they fall toward the center of the cluster
due to gravity and zero initial radial velocity. The focus of this
section is this infalling motion of the cold gas.

We consider a cloud of mass m, length /, and a cross section
of o moving radially and ignore the transverse motion. We
assume that the cloud starts from a distance of r with zero
initial velocity. For simplicity, we first assume that the ICM is
at rest and the gravitational acceleration g does not change with

radius. The acceleration of the cloud can be expressed as

dv 2
m— = mg — vio, 1
d 8 — Picm (0
where m = p,ol, with p, being the mean density of the cloud.
Thus we have
dv 1,
L—g -1, @
a5
where f = picy/py is the density contrast between the ICM
and the cloud.
We solve for the velocity as a function of time:

2y
L/ JIg/f. 3)
1.0 + =26/
Taking a typical ICM electron density of 0.04cm > in the
center of cool-core clusters (Churazov et al. 2003; McDonald
et al. 2010), and an average filament density of 2 cm > (Fabian
et al. 2008), the terminal velocity of a cold cloud of length
I =2kpc is

v

Vterminal = 4/ lg/f ~ 962 km s L “4)

Here, we have taken a gravitational acceleration of
g =3 x 1078 cm s2, which is based on the inferred value
for Perseus at 20 kpc < r < 50 kpe (Mathews et al. 2006; Li &
Bryan 2012). The length of individual filaments is often a few
kiloparsecs observationally (Conselice et al. 2001). We have
chosen a reasonably conservative value of 2 kpc for the length
of a typical filament in our calculation. Note that in Fabian
et al. (2008), a typical length of 6 kpc is used, which would
increase the terminal velocity estimated here by less than a
factor of 2. The terminal velocity calculated above far exceeds
that of any observed cold filaments. However, note that the
length scale over which the terminal velocity is reached is
actually larger than the largest radius where cold clouds are
observed. The velocity only gets close to 800 kms™' after it
has traveled a distance of 50 kpc, but in both simulations and
observations, clouds that form at distances larger than 50 kpc
are extremely rare (McDonald et al. 2010; Gaspari et al. 2012;
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Figure 2. Line-of-sight velocity of the gas with temperatures below 10* K at ¢t = 0.72 Gyr in the standard simulation of Li et al. (2015); same as the left panel of
Figure 1. The black arrows annotate the transverse velocity field of all the gas, including both cold gas and hot ICM. Note that this figure uses the actual velocity range
(—300-300 km s~ ") without saturation, which is wider than the range used in Figure 1.

Li & Bryan 2014a; Prasad et al. 2015). Most cold clouds do not
have a chance to actually reach their terminal velocity.
However, the calculation above assumes a constant gravita-
tional acceleration, which is a good approximation at a few tens
of kiloparsecs. As the cold gas gets closer to the cluster center,
the acceleration increases further due to the stellar potential of
the BCG and the SMBH in the very center. As a result, the
actual velocity of cold clouds could approach ~900 km s 'ina
realistic cluster potential, even though the travel distance is
short.

Figure 4 shows the velocity of a cold cloud that falls to the
center of a cluster with a Perseus-like gravitational potential,
where an NFW dark halo dominates at r > 10kpc and the
BCG and SMBH dominate the center (Mathews et al. 2006; Li
& Bryan 2012). The cloud is released with no initial velocity
from r =15, 10, 15, and 20kpc. The dashed lines are the
ballistic trajectories and the dotted lines take into consideration
the effect of ram pressure. The highlighted yellow area denotes
the typical observed velocities of cold gas in the center of cool-
core clusters (McDonald et al. 2012). Ram pressure only slows
down the clouds slightly, consistent with Gaspari et al. 2017
and the final velocities of the clouds are still too high,
regardless of their initial location.

Not all clouds are moving at their highest velocities. Any
observation is only a snapshot when many of the clouds are
likely still accelerating. This partially explains why the
observed velocity of the cold clouds is typically lower than
the terminal velocity calculated above. In addition, when the
clouds are not oriented perfectly radially, the cross section
increases and the velocity of the clouds can be smaller.
However, we should expect to see some cold clouds moving at
velocities on the order of 1000 km s~ if they simply fall to the
SMBH ballistically from a few to a few tens of kiloparsecs. The
“high-velocity clouds” are missing in both the observations
and simulations (Figures 2 and 3), which motivates us to
re-examine the assumptions made in the calculations above.

First, it is possible that we underestimate the effect of ram
pressure, because the average density of the filament is actually

lower than the value we use. Fabian et al. (2008) estimated the
average filament density to be 2 cm™3 by dividing the total H,
mass (from CO observations) by the volume of the filaments
(estimated from optical images). The total volume of the actual
filament as a coherent moving structure may be larger. Cold
clumps in simulations are surrounded by layers of gas with
intermediate temperatures (Li & Bryan 2014b; though the
thickness of the layers may be resolution-dependent). Ideally,
we want to predict the average density of filaments based on
numerical simulations. However, the cold gas in our current
simulations is not well-resolved. Moreover, there is not a well-
defined boundary that separates the whole cloud from the ICM,
making it difficult to accurately measure the average density of
the whole cloud. The density of the coldest gas in the center of
the cloud can be as high as ~100 cm~3, but the surrounding
layers have much lower densities (see Figure 9 in Li & Bryan
(2014b)). The observed optical filaments also co-reside with soft
X-ray features (Fabian et al. 2006). If we assume that typical cold
filaments are surrounded by a warm-hot coat that reduces the
average filament density to 1/3 of the value previously used, the
effect of ram pressure becomes more significant (solid lines in
Figure 4). We refer to filaments with an average density smaller
than the canonical value as “fluffy,” regardless of their internal
structures. In our simulations, they are dense cores surrounded by
less dense layers. The real filaments could also have a “Swiss
cheese” structure which also reduces the average density, but
would not be resolved with current simulations. However, the
velocities near the center are still too high.

Second, one factor that is not considered in previous
calculations is the motion of the ICM. Because AGNs in
cool-core clusters are almost always in the simulation and in
observations (Birzan et al. 2004; Dunn & Fabian 2006), the
cold clumps are not moving in ICM that is at rest, but rather,
moving against AGN-driven wind. We measure the volume-
weighted velocity of gas at temperatures above 10’ K (as a
simplistic way of selecting the AGN outflow) and take the
time-averaged velocity as the average wind velocity, shown in
Figure 5. The wind is only strong in the very center of the
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Figure 3. Top: line-of-sight velocity distribution of the gas with temperatures
below 10*K at t = 0.72 Gyr in the simulation, viewed along the x-axis.
The red and blue indicate the redshifted and blueshifted gas, respectively. The
distribution of the two components combined is shown in black. Bottom: the
distribution of velocity dispersions along the lines of sight of the same gas as
the top panel.

cluster, and wind velocity falls below 100 km s~ ' at r = 8 kpc,
consistent with what is shown in Figure 2. This is because
kinetic energy is dissipated via strong shocks very quickly (Li
et al. 2017). We use a simple formula to fit the wind velocity
profile: vying = 1.6 x 103kms™" at r < 1.7Kpc; Wying X
r~182 at r > 1.7 kpc. Note that this profile is azimuthally
averaged wind velocity averaged over the duration of the
simulation of ~6.5 Gyr. The exact shape of the profile is likely
dependent on the model parameters. In real clusters such as
Perseus, the bubbles appear more isotropic than the bi-polar
jets in the simulations, likely due to cluster weather (Heinz
et al. 2006) and/or re-orientation of the jets (Babul et al. 2013).
The focus of this work is not the exact azimuthal and radial
profiles of the wind. Instead, we aim to demonstrate that the
wind has a nontrivial effect on the velocity of the cold gas close
to the center of the cluster.

When we add this wind velocity correction to the original
calculation, still assuming a filament density of 2 cm—3, the
resulting velocities are suppressed, especially close to the
center where the wind velocity is the highest (solid lines in
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and the green line is a simple fit to the curve, with vyjng = 1.6 X 103 kms'at
r < 1.7kpc and vying oc 7182 at r > 1.7 kpe.

Figure 6). However, the velocities are still too high compared
with observations. This means that the AGN wind alone does
not provide enough force to slow down the cold gas if we use
the commonly used filament density.

When we consider the AGN wind, and assume that the
average density of the moving filaments is lower because of the
warm-hot layer surrounding the cold gas, then the velocities of
the filaments are in agreement with the observations (solid lines
in Figure 7). Here, we have only used the AGN wind measured
from our simulation. A different AGN wind profile may result
in different velocities of the cold gas. Thus we can possibly use
the velocity of the cold gas to constrain AGN models.

Besides reducing the velocity, ram pressure can also strip or
even shred a cold cloud. The clouds moving at higher velocities
are more prone to ram-pressure-stripping. The preferential
destruction of high-velocity clouds also helps explain the lack
of cold gas moving at very high velocities in both the
observations and simulations. The destruction timescale of cold
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consideration the effect of AGN winds and also assume “fluffy” clouds with
1/3 of the commonly assumed average density. The yellow shaded area
denotes the typical range of filament velocities observed in cool-core clusters.

clouds is sensitive to the structure of the clouds, which is not
well-resolved in our current simulations, thus we will not
expand on the importance of cloud destruction in this paper.
However, we will explore its effect in limiting cloud speed in
future work.

In addition to ram pressure, a cold cloud can be further
slowed down by exchanging material with the ICM perpend-
icular to its direction of motion. As Li & Bryan (2014b)
showed, when cooling instability happens, as the temperature
of the newly formed clump decreases, f.,,; drops below the
sound crossing time at some point, and cooling is no longer
isobaric. As a result, most of the cold clouds have internal
pressure lower than the ICM pressure, thus drawing more hot
gas to cool onto the cloud in a “mini cooling flow.” Note that in
higher-resolution simulations, cold clumps may break up into
smaller pieces in which the cooling time is greater than the
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Figure 8. Young stars (black dots) and cold gas in a rectangular region of
(50 kpc)3 near the center of the cluster at + = 0.42, 0.45, and 0.49 Gyr in the
standard simulation of Li et al. (2015). The colors correspond to line-of-sight
velocities weighted by the Ho luminosity. The big black circle represents the
SMBH in the center of the cluster, which is powering AGN jets in the vertical
direction, pointing downward in the image. The small rectangle box simply
marks the cold clouds and young stars whose motion is discussed in Section 4.1.
The arrow points to the direction of their transverse motion. Its length is not
scaled to the actual velocity, and it is only illustrating the direction of motion.
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d

Figure 9. Illustration of a cold filament forming stars as it moves through the
ICM. We compute the separation between the filament and the young stars in
Section 4.2.

sound crossing time and therefore remain in pressure
equilibrium (McCourt et al. 2018). Nonetheless, there is still
mixing between the cold and hot phases and thus exchange of
momentum. Ram-pressure-stripping and stellar feedback can
remove some of the cold gas from the cloud, which gets mixed
into the hot ICM. The exchange of material results in an
exchange of momentum between the moving cloud and the
ICM at rest, equivalent to increasing the ram pressure cross
section. Future simulation work with better resolution is needed
to quantify the effects of these processes.

Magnetic fields in the ICM, which are not included in the
simulation, can further enhance the drag force on the clouds
(though the effect is weak for high 3 plasma; McCourt
et al. 2015).

4. The Offset between Filaments and Young Stars
4.1. Star-filament Separation in Simulations and Observations

Observations of the young star clusters in the outer halo of
NCG1275, the central galaxy in the Perseus cluster, show
typical projected spatial offsets from the Ho filaments of
0.6—1 kpc (Canning et al. 2010, 2014). The offset between
young stars and cold molecular gas is also seen in the
simulations in Li et al. (2015). Figure 8 shows such an
example. A cold cloud forms as the low-entropy ICM is
uplifted by the AGN jets from smaller radii (Li & Bryan 2014b;
McNamara et al. 2016; Voit et al. 2017). At t = 0.42 Gyr, stars
start to form (top panel of Figure 8) inside the outward-moving
cold cloud. At the time, the line-of-sight velocity (weighted by
collisional Ha emissivity) is blueshifted. At r = 0.45 Gyr, as
the cloud approaches its apocenter, there appears to be a
systematic separation between the cold gas and the young stars,
with the stars leading the gas by ~1kpc (middle panel of
Figure 8). At t = 0.49 Gyr (bottom panel of Figure 8), the cold
gas, which has been shredded into a few separate pieces (some
of them grew bigger via the “mini cooling flow” discussed in
Section 3.2, is falling back toward the SMBH due to gravity.
The stars have moved to the opposite side of the cold gas and
are leading again. The cold gas is mostly redshifted now. The
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Figure 10. Spatial separation between a cold filament and the newly formed
young stars as a function of the stellar age for filaments moving at different
initial velocities vy shown in different colors. The dashed lines use the
canonical 2 cm~3 for the average filament density, and the solid lines assume
“fluffy” filaments with 1/3 of the canonical density. The yellow shaded area
denotes the optimum combination of separation and stellar age for easy
detection (see Section 4 for discussion).

clouds and stars are in the sixth octant (between the observer
and the y-z plane).

Note that the simulation is shown mainly to demonstrate the
point, but is not intended to reproduce realistic star formation
and stellar feedback on small scales. As discussed in more
detail in Li & Bryan (2014b), the size of individual clouds is
resolution-limited, and their shapes are more “clumpy” and not
as “filamentary” as the clouds in Perseus, likely due to the lack
of magnetic fields in the simulations (Wagh et al. 2014). The
stars are also represented by massive star particles in the
simulation with a minimum mass of 10° M., which is more
massive than the observed young star clusters in Perseus.
Nonetheless, we see offsets between young stars and cold gas
both in simulations and in observations, which we argue is
caused by physical processes similar to those discussed in
detail in Section 4.2.

4.2. Ram Pressure Causing Young Stars to
Move Away from Filaments

The observed filaments stretch out predominantly radially
(Ho et al. 2009; Canning et al. 2010) and their motion is
predominantly radial as well (Prasad et al. 2015). Some
filaments can be moving at an angle with respect to their
direction of motion. In this section, we discuss how ram
pressure on these cold filaments can cause a spatial separation
between filaments and the newly formed stars, and how the
separation can help us understand the motion of the filaments.

For simplicity, we consider a cylindrical filament of length /
and diameter d. We assume the ICM is at rest, and the filament
moves through the ICM at a projected velocity v at an angle ¢
measured from the major axis of the filament (see Figure 9 for
illustration). Assuming a group of stars forms at # = 0, the ram
pressure exerts force on the filament, but not the stars, causing
the filament to move away from the stars perpendicular to the
filament:

dY , d%
premvi Ld = py w(g) - (5)
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where s is the separation between the filament and the stars, and
v, = v cosf is the perpendicular velocity. Here, we only focus
on the separation perpendicular to the filament. This is because
observationally, when streaks of young stars are seen parallel to
Ha filaments, as in Perseus (Canning et al. 2010, 2014), it is
reasonable to assume their association, whereas if we observe a
lump of young stars, it is hard to identify its parent cloud. Note
that in our simulations, the star-forming clouds are not as
filamentary as the observed ones (Figure 8), but we know the
star-cloud association from the simulation data.

We can solve for the separation s as a function of the initial
velocity v, and time ¢, which is also the age of the stars:

s = vt — l(ln (At + L) + ln(i)), (6)
A Vo Vo

4 . .
where A = %;M. Figure 10 shows the star-filament separation
7 f

s as a function of the age of the stars for filaments moving at
different initial perpendicular velocities vy (the stars will
continue to move at velocity vy). The dotted lines show the
results when we assume a filament density of 2cm > and a
diameter of d = 100 pc (Fabian et al. 2008 used 35 pc as the
characteristic radius of filaments in Perseus). The solid lines
assume “fluffy” filaments with an average density of 2/3 cm—>
and a diameter of \/3d. The yellow shaded area denotes the
typical age of the young stars and the typical separation
between young stars and filaments in Perseus. It is also the
optimum combination of stellar age and separation for
detection. O stars have a lifetime of up to about 10 Myr, so
when star clusters are older than 10 Myr, they become much
dimmer in the UV and thus harder to identify. 0.5-1kpc is a
separation that is large enough to be easily visible, but not too
large for it to become difficult to associate the stars with the
filament. As is shown in Figure 10 for a wide range of
velocities (~200-500 km sfl), ram pressure can result in a
separation between young stars and the filament that is easily
detectable. The separation also becomes larger when assuming
a lower average density for the filament, as one would expect
(solid lines compared with dotted lines). When we use a density
of 2cm ™, a velocity higher than 200 km s~ is needed for the
separation to be detectable. Note that this is only the perpendicular
component of the velocity projected onto the sky (v =
vrsing cosf with ¢ being the angle between the velocity of
the filament vy and the observer’s line of sight), so the actual
velocity would have to be even higher.

In addition to ram pressure, stellar feedback can also cause an
apparent separation between young stars and filaments. If young
stars form preferentially along one side of the filament, feedback
from Type I SNe may destroy the local molecular gas. The result
of this process is a string of young star clusters next to the residual
filament. It is possible that ram pressure itself can enhance star
formation on the leading side of the filament as it moves through
the ICM. Thus, the leading side of the filament will be
preferentially destroyed by Type II SNe. In this case, stellar
feedback will further enhance the separation between young stars
and filaments. Detailed numerical studies are needed to test
whether ram pressure can enhance star formation in filaments.

Observationally, it is often rather difficult to determine whether
molecular gas is moving away from the cluster center in an
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outflow or falling back to feed the SMBH based on the line shifts
only (McNamara et al. 2014; Russell et al. 2014; Vantyghem
et al. 2016). Only in rare cases can we claim with confidence that
a cloud is falling onto the SMBH, e.g., when the cloud is seen in
absorption (Tremblay et al. 2016). The star-filament separation
can inform us of the true motion of the cold gas and thus help us
distinguish between inflows and outflows. Because stars are
almost always leading (except very briefly at the apocenter), once
we see an offset between the young stars and the filament, we
know the general direction of the proper motion of the star-
filament system. This information, combined with the line-of-sight
velocity measured from emission lines, will tell us how the
filament is moving through the ICM, in particular whether it is
moving out or falling back toward the cluster center. For example,
if we observe a separation shown in Figure 9, and the cluster
center is to the upper right of the filament, then the filament is
falling toward the center of the cluster. If the lines are blueshifted,
then the filament is located further away from the observer than
the center of the cluster; if the lines are redshifted, the filament is
falling toward the center from between the cluster center and the
observer, which corresponds to the situation in the right panel of
Figure 8. If the cluster center is to the lower left of the filament,
then a redshifted filament would be moving away from the
observer in an outflow, and a blueshifted filament would be
moving out toward the observer, which corresponds to a mirror
image of the middle panel of Figure 8.

The velocity of the cold gas is predicted to be predominantly
radial in the main hypotheses that have been discussed in the
literature, i.e., independent of whether the cold gas is
condensing out of the ICM, is uplifted by the AGN bubbles,
or forming on the interface of the jet and the ICM. This method
of determining the velocity of the molecular gas is thus not
restricted to the choice of any particular model. With enough
samples of such measurements, we can try to distinguish
between different AGN feedback models that produce extended
filaments in different ways. In our model, a significant amount
of cold gas forms because a low-entropy (but still hot) ICM is
uplifted by AGN jets, and thus many newly formed cold clouds
are moving outward with a positive radial velocity. In this
scenario, young stars can lead the cold gas as it is moving out
(first panel of Figure 8). In a different scenario, if most of the
cold gas condenses out of the ICM due to local thermal
instabilities (McCourt et al. 2012; Sharma et al. 2012), then the
cold gas will only move inward. Even if the initial velocity is
slightly positive due to turbulence, the velocity is likely not
large enough to cause a detectable separation between young
stars and cold gas. Therefore, the location of the young stars
will always be closer to the cluster center than the cold gas if
there is a separation between the two. If the cold gas forms near
the SMBH and is somehow dredged up by buoyant bubbles,
the velocity of the cold gas is likely lower than what is seen in
our simulations and thus produces no detectable separations.
Detailed modeling of this dredge-up idea is needed for us to
make more quantitative comparisons. In addition, using the
statistics of the measurement of offset, we can also put better
constrains on the average density of the filaments.

5. Conclusion

We have discussed two phenomena related to the cold filaments
in cool-core galaxy clusters that are possibly related to the effect of
ram pressure from the ICM: the non-ballistic motion of the cold
gas, and the offset between cold filaments and young stars.
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We measure the velocities of the cold gas in our numerical
simulations and compare them with observations. We find that
the velocities and velocity dispersions of the cold clouds in
simulations fall in the same range as the observed ones (with a
typical magnitude <200-300 km s~ '), much lower than what is
expected if the clouds fall to the cluster center ballistically. If
we assume an average filament density of 2 cm~3 based on the
apparent size of typical Ha filaments in Perseus, the ram
pressure of the ICM does not sufficiently slow down the
filaments. When we consider the effect of AGN wind blowing
against the infalling clouds in the center of the cluster
(r < 10kpc) by applying an average wind profile measured
from the simulation, we find that the cold filaments can be
slowed down more. However, the desired velocities are
achieved only when we also assume that the filaments are also
“fluffier,” i.e., if the cold filaments are moving with layers of
warmer gas. This is supported by the simulations and the
observed spatial correlation between Ha filaments and soft
X-ray features. The exchange of material between the filament
and the ICM may further slow down its motion.

An offset (typically of half to one kpc) between young stars and
Ha filaments is seen in the center of the Perseus Cluster. We
observe similar offset between young stars and cold clouds in our
simulation. We argue that this offset can be caused by ram
pressure. The ICM only exerts ram pressure on the cold gas but
not stars. As the whole structure moves through the ICM, the
young stars that formed in the filament may appear to move away
from the filament as the stars age. Because stars are always moving
ahead of the cold cloud, the observed offset can inform us of their
direction of motion projected onto the plane of the sky. This
information, combined with the line-of-sight velocity obtained
from emission line measurements, can give us the 3D velocity of
the cold gas, and allow us to infer whether the gas is moving out as
part of an outflow or falling back to the cluster center.
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