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The Outflow Method (D19) of measuring BH spin has
been applied to several types of Radio Sources.

The following quantities are obtained with different
methods for different source types:

Lye = Lj = dE/dt => Lum. Dir. Kin. Energy = beam power
L, => bolometric “disk”(matter near BH) luminosity

Lepp => black hole mass




Log(Ly/Ly,)

The Outflow Method is Motivate by the Fundamental
T Line of BH Activity (Daly et al. 2018)

This line is shown here for several different types of RS:

Extended radio sources:
97 FRIlb sources (Daly 2016) - shown in black

And compact radio sources:

80 AGN (Merloni et al. 2003) — shown in

102 XRB (for 4 BH) — shown in blue (Saikia et al. 2015)
576 LINERS (Nisbet & Best 2016) — shown in green

Best fit slopes (A-1):

-0.56 £ 0.05 for 97 FRIIb sources (long-dashed line)
-0.59+0.04 for 80 Compact RS AGN (dotted line)
-0.53+0.02 for 102 XRB (dot-dashed line)

-0.57 £0.02 for 576 LINERS (medium-dashed line)

-0.51 £ 0.07 for 15 X-ray Cavity Sources (Merloni &Heinz
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There are numerous sources with L, = Ly >> L

Log(Ly,,/ Lgaa) j = LdkE bol

Suggests spin-powered outflow; no break or feature in
relationship => same physics for all sources




FP Sources => FLMM = Fundamental Line Mapping Method
Plane is defined by the best fit parameters a, b, and ¢

(1) Loglz=alogl,+bLogM +c (FPEmpirical Relation)
Holds over about 9 orders of magnitude in mass!
=> it is the empirical manifestation of scale invariant relation:

(2) Log(Lywe/Legq) =A Log (L,o/Lepp) + B (D16 FRII & MO7 Cavity RS)

Adopting standard relationships:
Lo = KLy (2-10 keV); Lgpp = KeM; LoglLye=Cloglz+D

D+18 showed that, for best fit FP parameters a, b, and c for any FP sample:
C=1/(a+b) and D=B-C(c—alogK —bLogK;)

— model-independent method of determining the beam power! (From Daly et al. 2018)
(for the MO03 sample that includes Sgr A*, the value of Cis 0.72 + 0.08)

= By identifying eq. (1) as representing the empirical manifestation of the functional form of eq. (2),
we can solve for the beam power, L;, empirically, without adopting a detailed model relating
beam power to radio power!




4 Categories of BH studied

BH Systems with Disk and Outflow Activity (D+18)
Daly, Stout, & Mysliwiec (2018)

=> All governed by the same physical processes

3 types of supermassive BH + 1 type of stellar-mass BH

=> (Lgke/Leaa) = 8; (Lpor/Lepp)® Strictly empirical

97 FRIl sources - shown in black (D16)

80 AGN (Merloni et al. 2003) — shown in

102 measurements of 4 Stellar-mass Galactic black
holes — shown in blue (Saikia et al. 2015)

576 LINERs (Nisbet & Best 2016) — shown in

Best fit slopes A:

0.44 £ 0.05 for 97 FRIl sources (long-dashed line)

0.43+0.02 for 576 LINERs (med-dashed line)

0.41 +0.04 for 80 Compact RS AGN (dotted line)

0.47 £ 0.02 for 102 GBH (dot-dashed line)

0.49 + 0.07 for 15 X-ray Cavity Sources (not shown)
(from Merloni & Heinz 2007)




The Black Hole Spin Function, F, is obtained with the Outflow Method (Daly 2019)

Detailed empirical studies indicate that (Lye/ Legg) = 8j (Lpoi/Lepp)® (1) (empirical rel.)

[eg. Merloni & Heinz 2007 for cavity radio sources; Daly 2016 for FRIlIb radio sources; & Daly et al. (2018) for 3 samples of FP
sources including stellar-mass X-ray binaries and supermassive BH — the sample includes Sgr A*]

Theory: Spin-powered outflow models, based on very different physical processes (e.g. Meier 1999; Blandford

& Znajek 1977, ...), are described by Lyye ¢ (B,)> M? F? (e.g. Daly 2009a,b). This relationship can be re-
written in dimensionless separable form without reference to a particular model (D19) and is listed in eq. (2).
This is the “method of functional forms.”

(Lyke /Lega) = 8; (B/Begq)* F*  (2) (theoretical rel.)

Identifying terms between eqs (1) and (2), and absorbing (B,/B)? into the coefficient g; (which is empirically
determined), it is easy to show that (B/Bgyg)? = (Lyo /Legg)* Where Bgyq 4 = 6/Mgt/?

The spin function, F, can be obtained from F? = (L; /g; Lzyq) (Lpoi /Lega)™

where the spin function F = a./[1+(1-2a.%)Y?] & (A =0.41+ 0.04 for Sgr A* and M87%)



12 DaLy (2019) Introduced the Outflow Method

Table 1. Mean Value and Standard Deviation of Histograms and Values for Select Individual Sources, ™

(1) @ (3 @ LogF)= (6) (7) ®8)
Sample Type N©" Itlgm j = adx Jput (ref)’ Log(B/Bgua) Log(B/10°G)
LINERs NB16(1)" AGN 576 —0.04 +0.24(0.14) 0.93 +0.10 0.83£0.21(0.10) —0.00 £ 0.39(0.22)
FRIIb RS D16 AGN 97  —0.07£0.19(0.15) 0.93£0.11 0.19=0.17(0.12) 0.03 = 0.23(0.23)
Compact RS MO3 AGN 80 —0.17 £ 0.36(0.19) 0.81 £0.20 0.58 = 0.42(0.13) 0.27 £ 0.66(0.37)
X-R-Binaries 515 GBH 102 -0.174+0.10(0.07) 0.92 4+0.09 0.37 £ 0.23(0.06) 4.00 £ 0.24(0.06)
% % GX 339-4 GBH 76 =0.17 £ 0.06 0.924+006 0944+0.02(1) -0.32x0.18 4.07 = 0.18
GX 339-4 0.95550: (2)
VA4 Cyg GBH 20 -0.10 £+ 0.06 0.97 £ 0.02 -0.44 = 0.24 3.84 = 0.24
ATE J1118° GBH 5 =0.43 £+ 0.01 0.66 + 0.02 -0.54 = 0.01 3.80 = 0.01
* %k AOB200 " GBH 1 —0.08 £ 0.07 0.98 £ 0.07 —1.62 = 0.06 2.76 = 0.06
% % Sgr A” AGN 1 —-0.17+0.19 0.93 £0.15 —2.09 = 0.13 —0.61 £ 0.37
o MBET & AGN 1 0.13 £0.19 1.00 £ 0.15 -1.19+0.13 —1.16 +£ 0.37
Ark H64 AGN 1 0.06 = 0.19 1.00 £0.15 0.9677] (3) 0.17 £+ 0.13 1.93 = 0.37
Mrk 335 AGN 1 —-0.29 +£0.19 0.81+£015 =091 (3) —0.15£0.13 1.06 = 0.37
Mrk 335 0.70%0 57 (4)
Mrk 335 0.8370:1% (5)
NGC 1365 AGN 1 0.53 =0.19 1.00 £0.15 = 0.84 (3) —0.64 = 0.13 0.70 = 0.37
NGC 4051 AGN 1 —0.02+0.19 1.00 £0.15 = 0.99 (3) —0.34 £0.13 1.30 = 0.37
NGO 4151 AGN 1 —(.27 £ 0.19 0.84 1015 =09(3) —0.35 = 0.13 0.60 = 0.37
30 120 AGN 1 0.59 = 0.19 1.00£0.15 > 0.95 (3) —0.13 £ 0.13 0.78 = 0.37
“*Obtained for g,; = 1 and g; = 0.1 for all sources. The estimated uncertainty per source is included in brackets following

the standard dewviation in columns (4), (7), and (8) for the samples listed in the top part of the table, as discussed in section
3.3. The bottom part of the table includes entries for three individual (GBH, which have multiple observations per source, one
additional GBH, and several individual AGN,
bN is the number of sources for the AGN and the number of measurements for the GBH.

“Published spin values; the citations are: (1) Miller et al.
Patrick et al. (2012); and {5) Walton et al. {2013).

(2009); (2) Garecia et al.

2015: (3) Vasudevan et al. {2018); (4)




From Daly et al. 2024

Table 1. Intrinsic (2-10) keV Chandra flux densities.

(1) (2) (3)
Chandra Chandra f(2—10)keV
Obs 1D Date lO‘lS(erg s~ em™2)

14703 2013-06-04 2.38+045
15041 2013-07-27 3.07+£0.23
15042 2013-08-11 374 +£0.25
15043 2013-09-14 26.02 £ 1.27
15045 2013-10-28 3.23+0.26
16213 2014-04-28 1.80 £0.21

Table 2. (8-10) GHz VLA flux densities obtained simultaneously with
Chandra X-ray data (discussed by Capellupo et al. 2017).

(1) (2) 3) (4) (5) (6)
Chandra Chandra Radio i
ObsID ID date ID date Jy)

C1b
C2
C3
cqd

15041
15042
15043
16213

2013-07-27
2013-08-11

2013-09-14¢

2014-04-28

2013-07-27
2013-08-12
2013-09-13
2014-04-28

0.923 £ 0.055
0.770 £ 0.049
0.975 £ 0.075
0.743 £0.011

Notes. ®Mean value and standard deviation of the mean obtained with N
observations.

bThe Capellupo et al. (2017) VLA radio data sets applied here are labelled
C1 through C4.

“The Chandra X-ray data for this epoch include a bright X-ray flare that
increases the total X-ray luminosity by about a factor of 10; these X-ray data
are also used in conjunction with both the B3 radio data.

4 This data set is displayed in fig. | of Capellupo et al. (2017) offset by a
factor of 1.32.

X—ray Spectra of SgrA*
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Figure 1. The Chandra X-ray spectra (the data normalized by the response
and exposure time) and the corresponding best-fitting models for the six
observations of Sgr A* studied here. These are binned to a minimum of 5S¢
per energy bin for visualization. The brightest spectrum is from 2013 Sept
14, ObsID 15043; the other spectra shown are more typical for this source.




Daly et al.

Table 4. Data and Results for Sgr A*.

(D (2) (3) 4) (5) (6) (7)
Log(Lr) Log(Lgke) Log(Lx) Log(Lbo1)
5 GHz (ergf/s)  (erg/s) (2-10) keV (ergfs)  (erg/s) F4 ay
C1 32.53 +0.03 39.17+0.24 33.39+0.03 34.57+0.04 0.64+0.18 0.91+0.11
C2 32.45 +£0.03 30.11 +£0.24 33.48 +0.03 34.66 +0.04 0.58+0.16 0.86+0.12
C3 32.55 +£0.04 30.19+0.24 34.32 +0.02 35.50+0.04 0.42+0.12 0.72+0.14
C4 32.43 +£0.01 30.10+0.24 33.16 +£0.05 3434 +0.06 0.66+0.18 0.92+0.10
B1 32.64 +0.04 390.25 +0.24 33.28 +0.08 3446 +0.09 0.74+0.21 0.96+0.08
B2 32.52 +0.05 30.16 +0.24 33.48 +0.03 34.66 +0.04 0.61+0.17 0.89+0.11
B3 32.65 +0.01 30.26 +0.24 34.32 +0.02 35.50+0.04 0.46+0.13 0.76+0.14
B4 32.51 +£0.01 30.16 £0.24 33.41 +£0.04 3459 +0.05 0.63+0.17 0.90+0.11
mg7 b 1.3+0.6 1.00 £ 0.15

B radio data (Bower et al. 2015) are single observations obtained contemporaneously with Chandra X-ray data.

@ This is also equal to the rotational contribution to the total black hole mass divided by the irreducible
contribution to the total black hole mass (Daly 2022), (Myot/Mirr) = F, where the total black hole mass Mgy, is

Mdyn = (M%o

I

 + Mizr) 172 as discussed in the text.

The black hole spin function, F, and dimensionless spin angular momentum, a., obtained with the outflow
method by Daly (2019) are included here for comparison. Note that the conversion from F to a, does not allow

for values of a, greater than one.
C3 and B3 radio data are matched with the flaring X-ray Chandra data.




Measured spin function F => obtain BH mass components directly from F (Daly 2022).
The measured BH mass = total dynamical BH mass, M = M. The total BH mass has contributions from the
rotational mass-energy, M, (M, = E,o: /c?), & the irreducible black hole mass, M., :
(1) M2=(M,,,)? + (M. )? where M, = (Jc)/(2GM,,), a«=Jc/(GM?) (Christodoulou 1970; Christodoulou

& Ruffini 1971; Hawking 1971)
Another important quantity is the spin mass-energy that is available to be extracted: M,

(2) M_,.. =M —=M... (Penrose 1969; Penrose & Floyd 1971)
Spin Irr

=> (1) M;, =My, [0.5 (1 +V(1-a.%)]%° = Myyn [F2+1] 9> (D22)
@ My =My [1-05 (1+V(1-a.2)05] = My, [1-(F2+1)05] (D22)
where (3) F =a:[1+V(1-a.?)]? = (M, /M) (D22)

F is the empirically determined quantity with the Outflow Method, and F = (M, ,,/M..)!
All other quantities can be obtained in terms from F.

Working with a« is problematic => mathematical forms require that a: <1 but measurement
uncertainties require that we allow for values of ax greater than one.



Applied relationships between F & mass components M

Results for Sgr A* (From Daly et al. 2024, MNRAS, 527, 428)

rot 7

M.

irr ?

Mgy, & M

Table 6. Weighted Mean Values of Quantities Obtained with Different Combinations of Data Sets for Sgr A*.

spin

derived by D22

O 3) (4) ) (6) (7) @) 9)
Set Mot Mot M, M Mspin Mspin

Fwm ¢ a. Myn (10°Mo) My (10Mp) Mgy (10°M;)
I b 0.62+0.10 090+0.06 0.53+0.06 2.19+0.25 0.85+0.04 3.53+0.16 0.15+0.04 0.62+0.16
Ime¢ 0.64+0.08 092+0.04 0.54+0.05 2.25 +0.20 0.84 +£0.03 3.50+0.13 0.16 £ 0.03 0.65+0.13
I d 0.54+0.08 0.87+0.06 0.49+0.05 2.02 £0.21 0.88 +£0.03 3.67+0.11 0.12 +0.03 0.48+0.11
IV € 0.57+£0.07 090+0.04 0.51+0.04 2.12+0.17 0.87+0.02 3.62+0.10 0.13+£0.02 0.53+0.10

@ This is also equal to (Myot/M;.r); see Daly (2022).

b Data Sets C1, C2, and C4; this is the “preferred" combination of data sets, as discussed in the text. This includes the three non-flaring X-ray data
sets obtained simultaneously with radio data sets, and each radio data set consist of a substantial number of observations.
C Data Sets C1, C2, C4, Bl1, and B4. This includes the three data sets that make up Set I, plus the two new X-ray non-flaring data sets; the radio

data are obtained contemporaneously rather than simultaneously, and consist of one radio observation.
d Data Sets C1, C2, C3, and C4. This includes all four Chandra data sets obtained simultaneously with radio data sets, including the X-ray flaring

data, and each radio data set consists of a substantial number of observations.
€ Data Sets C1, C2, C3, C4, B1, and B4. This includes the four data sets that make up Set III plus two X-ray non-flaring data sets, and thus includes

all six X-ray data sets. It is the same as Set II plus the flaring X-ray data set combined with simultaneous radio data that consists of a substantial

o



Dimensionless Spin Angular Momentum Values a-
Obtained with the Outflow Method for Sgr A*

The weighted mean value for the 3 dimensionless BH spin values obtained during quiescence
with the “preferred” data setis 0.90 *+ 0.06.

Including all five non-flaring Chandra data sets the weighted mean is 0.92 + 0.04.

Adding the flaring data set coupled with the Capellupo et al. (2017) simultaneously obtained
radio data set, the weighted mean is 0.90 £ 0.04.

These values agree with that published by Daly (2019): 0.93 + 0.15

Measured values of F => the black hole mass components of Sgr A* : M,;, M;,, & M, :

M, =(22£0.3)x10°M, M, =(3.520.2)x106M,  M,,, = (0.62 % 0.16) x 105 M,



Summary & Conclusions

The Spin Function (F); Dimensionless spin angular momentum (ax); Rotational mass-energy, M,;
Irreducible mass, M;,,; and Spin mass-energy, M;,; available to be extracted from Sagittarius A*
have been determined in dimensionless and physical units for Sgr A*.

These are obtained in the context of the Outflow Method and thus do not depend upon any
particular accretion disk model or any particular spin related outflow model.

The “preferred” values for Sgr A* are: F= 0.62+0.10; a.= 0.90+0.06. These imply values of:

(M,o/My,,) =0.53£0.06 (M, /My,)=0.85£0.04  (M;,/M,)=0.15 £ 0.04

= M, =(2220.3)x10°M, M, =(3.5¢0.2)x105M,  M,,,=(0.62 % 0.16) x 105 M,

for My, = (4.152 £ 0.014) x 10° M;  (Gravity Collaboration 2019)

Component mass values obtained for Sgr A* can be compared with those obtained for M87*
(see Tables 4 and 5 in D+2024), and with values obtained for 100 FRIl sources by Daly (2022).






(Espin /Espin,max) 1S the spin energy availak

(relative to the theoretically maximum

7
FIR

)le to be extracted from a black hole

possible value) from Daly (2022)
15 T T T T T

B r




BH Spin Functions, F, for 100 Supermassive BH. The empirically determined spin function F

From Daly (2022): 100 FRIl Sources

FRIIb sources studied split into two populations:
about 2/3 (N = 66) of the supermassive black holes
are maximally spinning.

The remaining 1/3 (N = 34) have a broad distribution
of spin functions, with the number of sources per
unit Log(F) decreasing as Log(F) decreases

The spin function F = a./(1+ [1 - a.2]%%)

BH spin functions, F, are independent of AGN type
(HEG, LEG, Q, W from D16, D19, D22)

S(Log[F]) = 0.15 =>width of each bin and the
uncertainty per source

Values of F are from Daly (2019)
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