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ABSTRACT

Context. Ultra-fast out�ows (UFOs) have become an established feature in analyses of the X-ray spectra of active galactic nuclei
(AGN). According to the standard picture, they are launched at accretion disc scales with relativistic velocities, up to 0.3� 0.4 times
the speed of light. Their high kinetic power is enough to induce an e� cient feedback on a galactic scale, possibly contributing to the
co-evolution between the central supermassive black hole (SMBH) and the host galaxy. It is, therefore, of paramount importance to
gain a full understanding of UFO physics and, in particular, of the forces driving their acceleration and the relation to the accretion
�ow from which they originate.
Aims. In this paper, we investigate the impact of special relativity e� ects on the radiative pressure exerted onto the out�ow. The
radiation received by the wind decreases for increasing out�ow velocity,v, implying that the standard Eddington limit argument has
to be corrected according tov. Due to the limited ability of the radiation to counteract the black hole gravitational attraction, we expect
to �nd lower typical velocities with respect to the non-relativistic scenario.
Methods. We integrated the relativistic-corrected out�ow equation of motion for a realistic set of starting conditions. We concentrated
on a range of ionisations, column densities, and launching radii consistent with those typically estimated for UFOs. We explore a
one-dimensional, spherical geometry and a three-dimensional setting with a rotating, thin accretion disc.
Results. We �nd that the inclusion of special relativity e� ects leads to sizeable di� erences in the wind dynamics and thatv is reduced
up to 50% with respect to the non-relativistic treatment. We compare our results with a sample of UFOs from the literature and we
�nd that the relativistic-corrected velocities are systematically lower than the reported ones, indicating the need for an additional
mechanism, such as magnetic driving, to explain the highest velocity components. Finally, we note that these conclusions, derived for
AGN winds, are generally applicable.

Key words. accretion, accretion disks – black hole physics – quasars: supermassive black holes – quasars: absorption lines – opacity –
relativistic processes

1. Introduction

Fast out�ows, particularly ultra-fast out�ows (UFOs), are rou-
tinely observed in active galactic nuclei (AGN) as blueshifted
absorption and emission features imprinted on the X-ray spec-
trum, with velocities ranging from� 0:03 to 0:4� 0:5 times the
speed of light,c (Tombesi et al. 2011, 2015; Nardini et al. 2015;
Fiore et al. 2017; Parker et al. 2017; Laha et al. 2020). They are
launched at accretion disc scales from the central supermas-
sive black hole (SMBH) and may display a kinetic power as
high as 20� 40% of the bolometric luminosity of the AGN
(Feruglio et al. 2015; Nardini et al. 2015; Nardini & Zubovas
2018; Laurenti et al. 2021), which is more than enough to trig-
ger a massive feedback in the host galaxy, according to the-
oretical models (Di Matteo et al. 2005; Hopkins & Elvis 2010;
Gaspari et al. 2011).

Despite their crucial importance within the framework of
the co-evolution of the host galaxy together with the SMBH
(Kormendy & Ho 2013), the physics of these out�ows, par-
ticularly their acceleration mechanism, still remains mostly
unknown. According to one of the most accepted scenarios, the
gas is accelerated through the pressure of the radiation emit-
ted in the vicinity of the central black hole, even though it

is not yet fully clear up to which velocities this mechanism
is e� ective (Proga & Kallman 2004; Higginbottom et al. 2014;
Hagino et al. 2015; King & Pounds 2015).

Similarly, broad absorption lines (BALs) in the UV regime
are observed in� 10� 20% of optically selected quasars. Their
velocities can be up to 0:3c and are located at parsec-scales from
the SMBH (Hamann et al. 2018; Bruni et al. 2019), thus repre-
senting another potential energy input for a galactic-scale feed-
back. As for the X-ray winds, radiative driving has been sug-
gested as their main driver (Elvis 2000; Matthews et al. 2020).

In a recent paper, Luminari et al. (2020) discussed the impor-
tance of special relativity e� ects when the wind out�ow velocity
becomes mildly relativistic,v & 0:05c. In fact, due to the space-
time transformation, the amount of radiative power received by
the fast wind decreases with increasingv: with respect to a layer
of gas at rest, the amount of radiation impinging on the wind is
reduced of� 30% forv = 0:1c, and of� 90% forv = 0:5c. This
implies that the classical derivation of the radiative pressure for a
static gas is no longer valid for high velocity winds; accordingly,
the radiative driving scenario has to be revised to incorporate
these e� ects.

In this paper, we integrate the equation of motion for a
wind launched at accretion disc scales in order to assess the
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impact of special relativity e� ects on radiative acceleration. We
mainly focus on X-ray winds; however, our results are also
applicable to BAL winds. In Sect. 2, we present a simple one-
dimensional model of a wind illuminated by a luminosity corre-
sponding to the Eddington value and we demonstrate that owing
to these e� ects, radiation alone is not su� cient to counteract the
gravitational attraction of the SMBH. In Sect. 3, we present a
three-dimensional scenario in which the gas is lifted from a geo-
metrically thin accretion disk and it is radiatively accelerated.
We re�ne this model in Sects. 4 and 5 with a more detailed treat-
ment of the wind opacity. We present the results in Sect. 6 and
we discuss them in Sect. 7. Finally, we summarise our results in
Sect. 8.

2. One-dimensional, spherically symmetric wind
model

In order to get a glimpse of the importance of special relativity
e� ects, we start from a simple toy model as follows. We assume
that all the luminosity comes from a central point source and the
gas has an initial velocity,v0, at a distance,r0, from the centre.
We solve the equation of motion along the radial coordinate,r.
According to the Euler momentum equation, the force exerted
by a radiative pressure gradient,r p, on an in�nitesimal wind
element with density,� , is:

�
dv
dt

= r p �
GM�

r2
; (1)

where dv
dt is the wind acceleration andGM are the gravitational

constant and the SMBH mass, respectively. For the sake of sim-
plicity, we assume for the moment that (i) the wind is optically
thin and (ii) its opacity is dominated by the Thomson cross-
section. We will relax these assumptions in the following. In this
way, we obtain an equation of motion for the wind:

dv
dt

=
L0k

4� r2c
�

GM
r2

; (2)

whereL0 is the central luminosity in the wind reference frame,
K0, and k is the opacity of the wind, which we approximate
as k = � T

mp
. Here, � T, mp are the Thomson cross-section and

the proton mass, respectively (Rybicki & Lightman 1986). In
de�ning L0, we include special relativity e� ects as described in
Luminari et al. (2020), so thatL0 = L � 	 , whereL is the lumi-
nosity in the source frameK and	 �  4 = 1

 4(1+� cos(� ))4 , where
 is the Lorentz factor,� = v

c, and� is the angle between the
velocity of the gas and the incident luminosity,L.

For a wind that is moving radially outward,� = 0 deg, the
luminosity can be written asL0 = L (1� � )2

(1+� )2 . Thus, we can rewrite
Eq. (2) as:

dv
dt

= L
(1 � � )2

(1 + � )2

� T

4� r2cmp
�

GM
r2

; (3)

wherer and� are functions ofv itself. The complete set of equa-
tions, including initial conditions, can be written as:

dv
dt

= L
(1 � v

c)2

(1 + v
c)2

� T

4� r(t)2cmp
�

GM
r2

; (4a)

r(t) = r0 +
Z t1

t0
vdt; (4b)

r0 = r(t = t0); (4c)
v0 = v(t = t0); (4d)

wheret0, t1 are the starting and ending time of the numerical
integration, respectively. Moreover, we assume that the launch-
ing velocity of the wind,v0, corresponds to the rotational veloc-
ity of an accretion disc, orbiting around the black hole with a

Keplerian pro�le, atr = r0, so thatv0 =
q

GM
r0

. Although this
choice ofv0 may seem arbitrary at this point, it is useful to com-
pare these results with those of the following sections. We also

note that the escape velocity atr = r0 is equal to
q

2GM
r0

=
p

2v0.
We can rewrite Eqs. (4a)–(4d) as:

dv
dt

=
 
� Edd

(1 � v)2

(1 + v)2
� 1

!
1

r(t)2
; (5a)

r(t) = r0 +
Z t1

t0
vdt; (5b)

r0 = r(t = t0); (5c)

v0 =

r
1
r0

; (5d)

where � Edd is the luminosity in units of the Eddington lumi-
nosity LEdd = 4� GMmpc

� T
, r, t are in units of the gravitational

radius and time,rG = GM
c2 , tG = rG

c respectively, andv is in
units of c. We span the interval between 5 and 500rG for r0,
to encompass the typical launching radius of UFOs, which usu-
ally lies between� 50 and some hundreds ofrG (Tombesi et al.
2012, 2013, 2015; Nardini et al. 2015; Laurenti et al. 2021). We
divide this interval in �ve logarithmically spaced steps:r0 2
[5:0; 15:8; 50:0; 158:1; 500:0] rG. We note that the assumption
of a point source may be less accurate for launching radii smaller
than 50:0rG, which we discuss in greater detail in Sect. 5.
Nonetheless, it is instructive to study the solutions down to the
smallest radii to identify possible trends. We integrate the equa-
tion for 106 tG, after which the dynamics of the wind reaches a
steady state and the velocity appears to be almost constant in
all the cases. We note that 106 tG corresponds to� 1(100) yr for
M = 107(109) M� , while present-day X-ray observations have
observation times smaller than a month. This allows us to follow
the wind dynamics for a su� cient time scale to make a compar-
ison with the observations for any value ofM inside the typical
AGN range. We �nd that the wind evolution is best sampled by
a logarithmic time grid, rather than by linear steps. We �x the
number of time elements to 5� 106 to obtain an optimal numeri-
cal accuracy. Using a higher resolution does not produce notice-
able improvements in the solutions.

We show in Fig. 1 the numerical result of Eqs. (5a)–(5d) for
� Edd = 1. For comparison, we also show the classic analogue
of Eqs. (5a)–(5d), that is, without the luminosity reduction fac-
tor 	 due to relativistic e� ects. Hereafter, we indicate with solid
(dashed) lines the values relative to the relativistic (classic) treat-
ment, if not stated otherwise. Since we input a luminosity corre-
sponding to the Eddington limit,� Edd = 1, in the classic case, the
radiative pressure is able to counteract (by de�nition) the gravi-
tational pull from the black hole. As a result, the acceleration of
the gas is null and we obtain constant velocity solutions. Once
the wind is launched with a givenv0, it escapes from the system
with constantv = v0, as can be seen in the right panel of Fig. 1.

As expected, relativistic e� ects reduce radiation pressure,
resulting in a deceleration of the wind under the gravitational
pull of the SMBH. Indeed, it can be seen that the wind trajecto-
ries, especially the ones at smaller radii (i.e. closer to the black
hole) undergo a signi�cant velocity reduction. In the extreme
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A. Luminari et al.: Speed limits for radiation driven SMBH winds

Fig. 1.Left: radial distance from the black holer(t) as a function oft for

� Edd = 1 andv0 = vrot =
q

GM
r0

. Right: radial velocityv(t) as a function

of r(t). Solid lines indicate the trajectories in the relativistic framework
(Eqs. (5a)–(5d)), while dashed lines correspond to those in the classic
(i.e. non-relativistic) framework.

case ofr0 = 5rG, the velocity drops to 0. Whenv = 0, relativis-
tic e� ects vanish and radiation pressure is able, as in the classic
case, to sustain the wind against the gravitational force, leading
to a “stalling wind”. The highest �nal velocity is given by the
case withr0 = 50:0rG and it is� 0:1c, which is consistent with
the typical observed UFO velocities (e.g., Tombesi et al. 2011;
Go� ord et al. 2015).

3. Axisymmetric wind launched from an accretion
disk

Let us now rewrite Eqs. (5a)–(5d) in the case of a wind launched
from an accretion disc. We assume axisymmetry and a geomet-
rically thin disc, such as in Shakura & Sunyaev (1973), orbiting
with a Keplerian pro�le. We adopt a cylindrical coordinate sys-
tem (R; �; z). The set of equations is then:

dvR

dt
=

 
� Edd

 4(1 + � cos� )4
� 1

!
R
r3

+
l2

R3
; (6a)

dvz

dt
=

 
� Edd

 4(1 + � cos� )4
� 1

!
z
r3

; (6b)

R = R0 +
Z t1

t0
vR dt; (6c)

z =
Z t1

t0
vz dt; (6d)

r =
p

R2 + z2; (6e)
v0 = v(t = t0) = (0; vrot; vz;0); (6f)
r0 = r(t = t0) = (R0; 0; 0); (6g)

where, as in Eqs. (5a)–(5d),r, t are in units ofrG, tG, � is
the angle between the incident luminosity and the direction of
motion of the gas and we assume that the luminosity source
is point-like. Hereafter, we indicate in bold the vectorial quan-
tities. In the �rst two equations, the second term in the right-
hand bracket corresponds to the gravitational attraction;l is
the speci�c angular momentum (angular momentum per unit
mass), which is a conserved quantity during the motion;r0, v0
are the starting radius and velocity, respectively. We assume
that initially, the gas lies on the disk plane and the start-
ing velocity lifts the gas above the disk, along thez coordi-
nate, with a velocity proportional to the disc rotational velocity,

Fig. 2. Wind trajectories forvz;0 = vrot and� Edd = 1 in axisymmetric
geometry.From left to right: trajectories of the wind in thez� R plane
(x-axis corresponds to the radius andy-axis to the altitude from the disc
plane); out�ow velocityvout as a function ofr (wherer =

p
R2 + z2,

vout =
q

v2
R + v2

z); vout as a function oft. Solid (dashed) lines refer to the
relativistic (classic) treatment.

vrot =
q

1
R0

. The velocity along the� coordinate is updated
at each step to ensure the conservation ofl. These initial con-
ditions are rather general, and represents a good approxima-
tion of the radiatively driven wind scenario (Proga et al. 2000;
Proga & Kallman 2004), as well as the magneto-hydrodynamic
(MHD) scenario, in which the gas is lifted through magnetic �eld
lines that are co-rotating with the disk (Blandford & Payne 1982;
Contopoulos & Lovelace 1994; Fukumura et al. 2010, 2014;
Cui & Yuan 2020).

Figure 2 shows the solutions of Eqs. (6a)–(6g) forR0 =
[5:0; 15:8; 50:0; 158:1; 500:0] rG, an integration time of 106 tG,
a logarithmic temporal resolution of 5� 106 steps, as in Sect. 2,
� Edd = 1, andvz;0 = vrot. For comparison, we also show the
corresponding classic solutions. As expected, the highest di� er-
ences are observed at smaller radii, where the velocity is higher
and the relativistic e� ects are stronger. We present a detailed plot
of the wind dynamics in Fig. A.1.

Hereafter, we concentrate on the out�ow velocity, de�ned

as vout =
q

v2
R + v2

z, rather than on the total wind velocity

v =
q

v2
R + v2

� + v2
z, for a more optimal comparison of our results

with observations. The velocity of the observed UFOs is primar-
ily derived through spectroscopy, thanks to the Doppler shift of
the wind absorption lines. These lines are usually described with
Gaussian or Voight pro�les, which means that they have an aver-
age energy and some degree of broadening. The observed wind
out�ow velocity, vobs, is usually derived from the average veloc-
ity, while the broadening is phenomenologically ascribed to tur-
bulence or rotational motion within the wind.

In our model,vobs is given by the projection ofvR + vz along
the line of sight (LOS), while the rotational velocity,v� , only
contributes to the broadening of the line thanks to the axisym-
metry of the system. The highestvobs is given byvout, and cor-
responds to the case in which the LOS is parallel tovR + vz. We
refer to Fukumura & Tombesi (2019) for a detailed discussion on
this point. Interestingly, the authors discuss the possibility that a
rotational motion of the wind around the X-ray corona is respon-
sible for the broadening of the absorption lines, in a similar way
as in the scenario discussed here.

4. Force multipliers

In the literature on accretion disc wind, the wind opac-
ity is usually calculated analytically over a broad range of
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absorption lines in the UV and X-ray energy range (see e.g.,
Proga & Kallman 2004; Risaliti & Elvis 2010; Sim et al. 2010;
Dyda & Proga 2018; Quera-Bofarull et al. 2020), obtaining so-
called `force multipliers'. Here, we use the radiative trans-
fer code XSTAR (Kallman & Bautista 2001). Saez & Chartas
(2011) and Chartas et al. (2009) performed calculations in
a similar fashion using the Cloudy photoionisation code
(Ferland et al. 2017), albeit with a di� erent formalism.

XSTAR accurately computes the transmitted spectrumST
through a gas layer, as a function of the following input quan-
tities:
– SI , the incident spectrum, and its integrated ionising lumi-

nosityLion
I in the 1� 1000 Ry interval (1 Ry= 13.6 eV).

– r0, the distance of the gas from the central luminosity source
– n0, the gas number density atr0
– NH, its column density
– � , the coe� cient regulating the radial dependence ofn: n =

n0

�
r0
r

� �

– vbroad, the gas velocity dispersion regulating the broadening
of the absorption features.

The di� erenceLI � LT (whereLI , LT are the integrated luminosity
of SI , ST) corresponds to the amount of radiation absorbed by
the wind thanks to its opacity. This di� erence corresponds to
a momentum� p deposited on the wind, which can be written
as � p = LI � LT

c = LI � frad

c , where we introduce the new variable
frad = LI � LT

LI
. Speci�cally, for a given set of initial parameters

[SI ; r0; n0; NH; �; vbroad] we run an XSTAR simulation and we
calculatefrad as:

frad =

RE1

E0
sI
� � sT

�
RE1

E0
sI
�

d�; (7)

whereE0, E1 correspond to the lower and upper energy bound
andsI

� , sT
� are the incident and transmitted �ux, respectively, as

functions of the frequency� , such that
R

sI
� d� = SI and

R
sT
� d� =

ST. From a mathematical point of view,frad corresponds to a
weighted average of the wind opacity. In all the cases of interest,
absorption features are comprised in the energy interval between
0.1 eV and 100 keV, which we chose asE0, E1, respectively.

It is important to note that XSTAR, as well as other photoion-
isation codes such asCloudy, does not allow the inclusion of a
net velocity of the gas and the related relativistic e� ects. In order
to take them into account, it is convenient to transform the spec-
tra from the rest frameK to the wind reference frameK0, and to
manipulateSI andST, namely to shift their frequencies by a fac-
tor  and multiply their �uxes by 3 (we refer to Luminari et al.
2020 for a detailed explanation). However, sincefrad is calcu-
lated as a ratio betweenST andSI , the transformations cancel
out, so frad can be directly calculated inK without the need of
any relativistic transformation.

We integrate the equation of motion in Eq. (2) for a radial
interval� r, in which a wind column densityNH is enclosed, and
we include the momentum� p. The resulting equation is:

dv
dt

=
� p

4� r2mpNH
+

L0
bol� T

4� r2cmp
�

GM
r2

=
1

4� r2cmp
�
 
L0

UX � frad

NH
+ L0

bol � � T

!
�

GM
r2

; (8)

where we also include Thompson scattering andL0
bol, L0

UX corre-
spond to the bolometric luminosity and the incident luminos-
ity betweenE0 and E1, respectively. The0 symbol indicates

that the luminosities are in theK0 frame, that is,L0
bol(L

0
UX) =

Lbol(LUX) � 1
 4(1+� cos(� ))4 . It must be noted that for this equation to

hold, � r must be small enough so thatr can be approximated as
constant (i.e.� r � r).

We set our work within the same frame presented in Sect. 3
(axisymmetry, thin accretion disk, and the conservation ofl). The
complete set of equations is then:

dvR

dt
=

 
� 0

UX � frad

� TNH
+ � 0

Edd � 1
!

R
r3

+
l2

(GM=c)2 � R3
; (9a)

dvz

dt
=

 
� 0

UX � frad

� TNH
+ � 0

Edd � 1
!

z
r3

; (9b)

R = R0 +
Z t1

t0
vR dt; (9c)

z =
Z t1

t0
vz dt; (9d)

r =
p

R2 + z2; (9e)
v0 = (0; vrot; vz;0); (9f)
r0 = (R0; 0; 0); (9g)

where, as in Sect. 3,r, t are in units ofrG, tG and � 0
UX �

L0
UX=LEdd, � 0

Edd � L0
bol=LEdd.

5. Initial parameters and force multipliers
calculation

5.1. Model setup

Since we are primarily interested in winds from AGN accretion
discs, we focus on `typical' values of� Edd between 0.1 and 2.0
and a black hole massM = 108 M� . However, as we show later
in this section, the properties of the wind, and then the values of
frad, mainly depend on� Edd, rather than onM or Lbol alone, so
our results are applicable regardless of the black hole mass.

We use the bolometric corrections of Lusso et al. (2012) to
obtain the 2� 10 keV luminosities. We assume a simple pow-
erlaw incident spectrum with photon index� = 2, consistent
with the typical values observed in AGN (Piconcelli et al. 2005;
Tombesi et al. 2011), to extrapolateLion andLUX .

Regarding the properties of the wind, we concentrate on a
set of initial number density log(n0=cm3) 2 [10; 11; 12; 13] in
order to match the ionisation parameters of the observed UFOs,
as we discuss in the following, and the range ofNH 2 [5 � 1022,
1024] cm� 2. As the starting radii, we use the same set of values
given in Sects. 2 and 3:R0 2 [5:0; 15:8; 50:0; 158:1; 500:0] rG.
In our scenario, we assume that all the luminosity comes
from a point source located at the coordinate origin (R = 0,
z = 0). However, we note that, observationally, the X-ray
�ux is usually ascribed to a hot `corona', comprised within
� 10rG from the SMBH (Chartas et al. 2012; Reis & Miller
2013; Reis et al. 2014; Kara et al. 2016; Caballero-García et al.
2020; Szanecki et al. 2020), while the UV radiation is due to the
disc emissivity which, for a thin disc, has its peak at� 20rG
(Quera-Bofarull et al. 2020). As a result, we expect that in our
code the radiative contribution may not be fully modelled for
R0 < 50:0rG; however, we include the cases forR0 = 5:0,
15:8rG, since the fate of the wind is governed primarily byv0,
rather than by the radiation pressure, as we show further on.

We �x � , the exponent regulating the radial dependence of
n, to 2, so thatn = n0( r0

r )2, as expected by mass conservation for
a medium expanding in a spherical geometry. Since we expect
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