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ABSTRACT: We examine the thermodynamics of Euclidean dyonic Taub-Nut/Bolt-AdSy
black holes for a variety of horizon geometries to understand how gauge field regularity
conditions influence the thermodynamic relations. We find several distinct features that
distinguish the NUT-charged case from its dyonic Reissner-Nordstrom counterpart. For
the Nut solution, the gauge field vanishes at the horizon and so regularity is ensured. For
the Bolt solution we find that the norm of the gauge field is required to vanish at the
horizon in order to satisfy both regularity and the first law of thermodynamics. This reg-
ularity condition yields a constraint on the electric and magnetic charges and so reduces
cohomogeneity of the system; for spherical horizons, the regularity condition removing the
Misner string singularity further reduces cohomogeneity. We observe that bolt solutions
with increasing electric charge have positive heat capacity, but upon turning on the mag-
netic charge to make the solution dyonic, we find that the properties of the uncharged one
are retained, having both positive and negative heat capacity. We also study the extremal
Bolt solution, finding that Misner string disappears at the horizon in the zero temperature
limit. We find that the extremal solution has finite-temperature-like behaviour, with the

electric potential playing a role similar to temperature.
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1 Introduction

One of the more interesting solutions to the Einstein equations is Taub-NUT spacetime,
a generalization of the Schwarzschild spacetime originally obtained by Taub in 1951 [1]
and later rediscovered by Newman, Tamburino, and Unti in 1963 [2]. This spacetime
is asymptotically locally flat: its Riemann tensor approaches zero at large distance, but
it is only locally isomorphic to Minkowski spacetime in this regime. Its (anti) de Sitter
((A)dS) version, Taub-NUT-(A)dS spacetime, is likewise asymptotically locally (A)dS: its
Riemann tensor .

Raﬁ,uzz — ¥l72 <ga,ug,31/ - gauQﬁu) (1'1)
at large distance where [ is the (A)dSy length. These Taub-NUT(-(A)dS) spacetimes also
have a mass parameter (m) and a NUT charge (s), with horizons at g, (r;) = 0. However
the Kretschmann scalar does not diverge at the origin » = 0 unless s = 0. Its extension
to the charged case is firstly studied in [3] for an asymptotically locally flat spacetime and
in [4, 5] for an asymptotically locally AdS spacetime.



Interestingly, these spacetimes have peculiar properties when their horizon geometry is
a sphere due to the non-trivial fibration of time on S2, which induces a spurious singularity
in a given coordinate system. Known as a Misner string [6], this singularity is analogous
to the Dirac string of electromagnetism, and the NUT charge is a gravitomagnetic charge
analogous to a magnetic monopole. Hence any Taub-NUT solution with nonzero m and
s is a gravitational dyon. Like the Dirac string, the Misner string that appears along the
0 = 7w (or # = 0) axis can be eliminated by introducing an additional time coordinate
in a neighbourhood 6 = 7 (or # = 0) that is regular there, and then gluing this region
to its complement; a similar construction can be made for a Misner string along any axis.
However this regularity condition automatically requires the time coordinate to be periodic
t ~ t + 8ms, which yields closed timelike curves (CTCs) through every point. While this
is a benign situation in Euclidean space, it violates causality in Lorentzian spacetime, and
so the latter has generally been thought to be pathological.

Since the Taub-NUT-((A)dS) spacetime retains these peculiar features, understand-
ing their thermodynamic properties were challenging, mainly due to the violation of
Bekenstein-Hawking formula, but successfully studied in [7-9]. Moreover, as this solu-
tion can be inherited from M-theory or supergravity theory, its higher dimensional solu-
tions are studied in [10, 11] and its supersymmetric properties are found in [12]. Also
the asymptotically locally AdS spacetime can be considered as a natural extension of the
AdS/CFT correspondence and holographic matching with its boundary field theory was
studied in [13, 14].

Recently a new perspective on these spacetimes has emerged, based on studies [15]
showing that the Misner string in Lorentzian Taub-NUT spacetime is transparent for
geodesics, implying that the spacetime becomes geodesically complete. Thus imposing
time periodicity is not necessary and no causality problem occurs. Based on this ar-
gument, thermodynamic properties of Lorentzian Taub-NUT-AdS spacetime were subse-
quently studied [16-18], with the perspective that the first law has full cohomogeneity
by treating the NUT charge as an independent thermodynamic variable, a Misner charge
whose conjugate variable is called the Misner potential, with these new terms included in
the first law and free energy.

Here we consider Euclidean dyonic Taub-NUT-AdS, spacetime and investigate its ther-
modynamic properties for all horizon geometries characterized by a parameter k, where
k = 1 corresponds to spherical geometries, x = 0 to locally flat geometries, and x < 0 to
hyperbolic geometries. We also consider the role played by the Misner string if x = 1. This
extends previous studies [19-22]; our aim here is to understand how regularity conditions
of the gauge field affect the thermodynamic relations. For the dyonic RN black hole, the
first law of thermodynamics is not strongly affected by the regularity condition of the gauge
field, and an electric and magnetic charge are independently present in the thermodynamic
relations as illustrated in appendix A. However for the dyonic Taub-NUT-AdS solution,
we find that the regularity condition, which relates the electric and magnetic charges, is
essential for satisfying the first law of thermodynamics.

To start with, we perform the Wick-rotation ¢t — —i7 and s — —ix to Euclidean space
from the Lorentzian solution. The U(1) isometry group associated with the Killing vector



& = 0; then has either a zero-dimensional fixed point set (the so-called nut solution, or
TN-AdS) or a two-dimensional fixed point set (the so-called bolt solution, or TB-AdS).
When the horizon geometry is that of a sphere (k = 1) it is of special interest because of
the existence of the Misner string, which is removed by imposing the time periodicity as
stated above. The Hawking temperature is then constrained to be %, and the Misner
string contributes to the entropy. Thus the entropy is not just the area of the fixed point
set of &, which is the Bekenstein-Hawking entropy formula [8, 9]. With these considera-
tions, the thermodynamic properties of (a charged) Taub-NUT-AdS spacetime for k = 1
have been studied [19-21]; for the uncharged TB-AdS case there is a maximum value of
the NUT charge. Each value of NUT charge has two branches [19], characterized by in-
creasing/decreasing horizon radius as the NUT charge increases to its maximum value. We
shall refer to them as small and large TB-AdS solutions. They respectively have negative
and positive heat capacities.

The TN-AdS solution demands that P = i@, which in turn implies the norm of the
gauge field vanishes at the horizon. However for TB-AdS, the zero value of this norm must
be imposed (rather than having a finite value) to ensure the validity of the thermodynamic
relations. One way of satisfying this regularity condition for TB-AdS is to relate electric
and magnetic charges: ‘

P= 23627"”2 (1.2)
rL+X
implying ) and P are no longer independent. This reduces the cohomogeneity of the
system. Removal of the Misner string if K = 1 yields a condition that further reduces the
cohomogeneity in the thermodynamic relations. In this case the following thermodynamic
relations

dE =TdS +®pdQ, F=FE-TS—®zQ (1.3)

are satisfied.

We also find that these thermodynamic arguments are valid in the zero temperature
limit and study the near horizon geometry, which is AdS2 x M. For k = 1, it is possible
to make sense of the thermodynamics provided the temperature is not identified via Mis-
ner string periodicity arguments. We observe that, upon replacing the temperature with
the electric potential [23], the extremal TB-AdS solution exhibits similar thermodynamic
behaviour to that of the uncharged TB-AdS solution.

Our manuscript is organized as follows. In section 2, we review the thermodynamics
for the uncharged TN/TB-AdS. We shall work at fixed AdS length, not working in the
extended thermodynamic phase space [24]. We check the first law of black hole thermody-
namics and free energy and plotted the horizon of TB-AdS, entropy and heat capacity as
functions of the NUT charge x, which by regularity requirements is the inverse of temper-
ature for k = 1. In section 3, we revisit the thermodynamics of the charged TN-AdS and
TB-AdS. We recover some results obtained previously [21], but go beyond this by con-
sidering all values of k, calculating the heat capacity and other relevant thermodynamic
quantities before imposing the regularity condition. We find that P and ) are related
by metric requirements for TN-AdS and by the regularity condition of the gauge field at



the horizon of TB-AdS. We impose the regularity condition after obtaining the various
thermodynamic quantities to show that applying the regularity condition is necessary for
the thermodynamic relations to hold. In section 4, we then investigate the near horizon
geometry in the zero temperature limit, and study the resultant thermodynamic relations.
Then we summarize our results in section 5.

2 Recap of thermodynamics of Uncharged TN /TB-AdS

The Einstein-Hilbert action with cosmological constant and Gibbons-Hawking term in four
dimensional spacetime is

167rG4/ d4‘”r(R+l2)
+87r1G4 o dger—%@ &’x F( + R3(h)> (2.1)

where [ is the radius of AdSy spacetime, K is the trace of extrinsic curvature on the

boundary at spatial infinity, and the last term is the boundary counterterm action I, [9,
25, 26].
The variation of the action with respect to the metric yields the equations of motion

1 3

RHV — ig'ij — ﬁguy =0 (22)

with the solution
2

ds* = —f(r)(dt + 2sA(0)dp)* + ;l(:ﬁ + (r2 4 s2)(d6* + Y (0)2dp?) (2.3)

where s is the NUT charge,
172(r2 + 822 + (k + 4725%) (r? — s%) — 2Mr

flr) = R (2.4)
and
cos sin 6 fork =1
A(#) =4 -0 ; Y(0) =11 for k =0 (2.5)
—cosh 6 sinh 6 for Kk = —1.

characterize the three possible geometries of the constant-curvature horizon, located at the
largest root of f(r) =

To explore the thermodynamic properties of the spacetime (2.3), we shall compute
its free-energy under various circumstances. Performing the Wick-rotation ¢ — —i7 and
s — —1tX, the Euclidean action and associated metric are

_1671(;4 / d4w\/§<R+ g) - G4 / Bavh (K— =g lR3> (2.6)

2
dst, = fr(r)(dr + 2x\(0)de)* + fi?r) +(r? = x*)(d0* + Y (0)*de”), (2.7)
—2(p2 _ 12)2 K — Al7242) (72 2\ r
o = X T24ZX§)( ) (2.8)
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This solution has an horizon at r = r4 from fg(r;) = 0. There are two qualitatively
distinct solutions that are characterized by the fixed point sets associated with the Killing
vector field £ = O;. If the radius is the same as the NUT charge (ry = x), the fixed
point set is zero-dimensional, and is referred to as the Taub-Nut-AdS (TN-AdS) solution.
Otherwise r1 > x, in which case the fixed point sets is two-dimensional and is called the
Taub-Bolt-AdS(TB-AdS) solution.

2.1 Uncharged TN-AdS
The TN-AdS solution is obtained when fg(r) has a root at r = r; = x. The Euclidean

metric function then can be written as

(r—x) (kl® + 72 + 2rx — 3x?)

)= 29
where in (2.8)
43
since 71 = x. The Hawking temperature is easily calculated as
1 K
T, =—Ff = — 2.11

and this automatically agrees with the condition for removal of the Misner string. When
k = —1, f, becomes negative near the horizon limit r = y + €. This happens because r = x
is not the outermost horizon, but instead is contained in a bolt solution whose horizon
is \/4x2 — kl2 — x [27]. Thus there is no hyperbolic TN-AdS solution. We therefore
only consider the k = 0 and x = 1 cases for TN-AdS, noting that the former is a zero-
temperature extremal case.
The extrinsic curvature and the three dimensional Ricci scalar are calculated as

(r—x) (3r2 + 9rx + 4x?) + 2(2r + X))k

K= , 92.12
P(r+ x)%/ fo(r) (2.12)
R — _2X2 (K12 + 72+ 2rx — 3x2) N(0)% + 21%(r + x)?Y ()Y (0) (2.13)
T P(r =) (r +x)°Y (9)? | '
From these we obtain
Buw 2(R3 —4Rx* — x3) ( 1 )
Iy = o= [SM — 2R = +O( 5 )|+ L (2.14)
Puw 2 2 s PXPfa(R)
Iy = n 2 — “— =1, 2.1
' 8rGl Fn(R) |2(R X°) + (R2 —x2) (2.15)
Pw 2x° wa( 2x° >
Lien. = lim Ig = M,+ | =—= 2.1
o P g\ T R ) T aa T (2.16)
for the on-shell Euclidean action (2.6), where w = [ d¢ Joo ’“a" dQY(H) is the volume

element of the transverse space,! and 3 is the imaglnary time per10d1c1ty, which becomes

For k = 1, Omax(¢) = 7 and Omin(¢) = 0; for other values of k these quantities depend on the
identifications made in the transverse space [28].



the inverse of temperature. For non-compact transverse spaces, we shall rescale our ther-
modynamic quantities by w.
The free energy is then given by definition

1 Iren.
F=—=logZ ~
B B

where Z is a partition function and we used a saddle point approximation in the second

(2.17)

expression. The thermodynamic entropy and energy are obtained from

(,6’85 ) ren. s E = 0glen. (2.18)

yielding

2 2
wx 62 XWw 4x w
== = - =) =-—M,. 1
=7 (“ 2 ) b= 47TG< l2> AnG" (219

These quantities satisfy the first law and free energy
dE =1T,dS, F=FE-T,5 (2.20)

which is only valid for k = 1 case since there is no hyperbolic TN-AdS. For x = 0, the
temperature is zero, we cannot determine the entropy using (2.18). However since the
Misner string is not present, we expect that the entropy satisfies the Bekenstein-Hawking
entropy and so becomes the area of the TN-AdS, which is zero.

2.2 Uncharged TB-AdS

For TB-AdS, the horizon is at r = r, # x and the mass parameter is

—6X2r2 + rf,l - 3*‘+k (rg + x2) 12

M, = 5 (2.21)
from (2.8). The extrinsic curvature and the three dimensional Ricci scalar are
_ 2.2 2 M 9 3 5 _ 14 3.2 4\7—2
K:( 3r® + x°) b—i-zm" 4;237“ r3x? + 3rx*)l ’ (2.22)
(r* =x*)" v fe(r)
R =2x% (=2Myr + K (12 + x2) + (r* — 6722 — 3xH)172) N (6)? 2Y"(6)
37 2 _ 123 2 T2 22 Y ()
(r? = x*)"Y(0) (r? =x*) Y(6)
(2.23)
yielding
wp (2R3 + r} — 3rpx?) (SX ) ( 1 > ]
Iy = 3My, — = -2k |R+0 (= 1. 2.24
BT %G [ 2 Tl RO g) | e 22
Bw 2 s BXfe(R)
1 * - === 2.25
ct — {7 Gl fE< ) ( X)_‘_K (RQ_XQ) ) ( )
wp 3 — 3rpx >
Lien. = 11_1>I(l>OIE =G l]\/[ B , (2.26)

for the Euclidean action.
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Figure 1. The horizon radius r, (2.29) vs. NUT charge for uncharged TB-AdS for k = 1 and
G=1l=1.

The Hawking temperature is

1, My (r +x*) + (9x*ry — 2x°rp + )17 — 2k x>
T=—frlr) = T (2.27)
n 2m (x2—17)
where for k = 1 we must also have
1 1
T— / — 2.28
100 = g (229)

to remove the Misner string singularity. This constrains the thermodynamic phase space.
Inserting (2.21) into (2.27) and equating the result to (2.28), the horizon radius is

1
= —— (12 £ /1% + 144x* — 48122 2.29
T 12X< \/ + 144y X ) (2.29)
which we depict in figure 1 in units with G = 1 and | = 1. The blue/orange solid lines
correspond to the negative/positive roots in (2.29). There is a maximum value of the NUT

charge at

11
3 g(2—\/3) (2.30)

which we denote as a red dot in figure 1. Thus the NUT charge lies in the range 0 <

X = Xmax =

X < Xmax and has two branches that show increasing (the lower blue curve) and decreasing
(the upper orange curve) behaviour of the radius as the NUT charge increases. These two
branches have different characteristics in large [ limit as follows

l2

~ . 2.31
o (231)

Tp— ~ 2X7 b+
The lower branch is smoothly connected TB in flat spacetime when [ is taken to infinity,
whereas the upper branch does not smoothly go to TB in flat spacetime since r;, diverges
in the | — oo limit. Hence the upper branch only exists in AdS.
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Figure 2. Entropy vs. NUT charge x for uncharged TB-AdS for k =1 and G=1=1.

From the renormalized action (2.26), we calculate thermodynamic energy, entropy, and
specific heat using the definitions

0 oS
E = 03100, S:( —1)Iren,, =—f5g- 2.32
3 a5 5 95 (2.32)

For k = 1, the energy and entropy become

w w
E )= ——— (1 —6r2x? — 3x* + 2(r? 2) — M, 2.33
e = g (7= O = 34 20 ) = (o M (233)
w 12x3 (r2 + x? wy 3 — 3ryx>
S(k=1) = 1ar (rg’ —rpx? 4 4kx> — (lg ) =G (Mb 4+ 0 B ) (2.34)

where the entropy is not the area of the TB-AdS horizon due to the contribution of Misner

string. Inserting (2.29) into (2.34), we plot the entropy as a function of y in figure 2. We

see that the entropy increases for the small TB-AdS (blue solid line) solution and decreases

for the large one (orange solid line) as the NUT charge y increases to its maximum value.
For k # 1, the energy and entropy are

73— 3rpx
E(ex1) = G < l2>’ (2.35)
)
Ty —

Sterr) = 75(r x%) (2.36)

and the entropy agrees with the Bekenstein-Hawking formula. These quantities for all s
satisfy the first law and free energy

dE=TdS, F=E-TS. (2.37)

Finally, the heat capacity

oS T( oT 8M8rb)
oM Ory, 9S

C=T—=

57 (2.38)
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Figure 3. Heat Capacity (2.39) vs. NUT charge for uncharged TB-AdS for k =1 and G =1=1.

is
w rp(12x° = PPry)
2G (—12rpx +12)

wr? (3r2 — 3X2 + kl?
C — b [T ) 2.40
=7 ™ oG (37“2 + 3x2 — kl2 (2.40)

Clu=1) = (2.39)

for the different values of k. We plot the x = 1 case as a function of x (using (2.29))
in figure 3. Similar to small and large AdS black holes, the small (blue solid line) and
large (orange solid line) TB-AdS solutions exhibit negative and positive heat capacity
respectively.

3 Thermodynamics of dyonic TN/TB-AdS

To obtain dyonic Taub-NUT-AdS solutions, we add a gauge field to the action (2.1)

1 2
daz/— — — F*F,, / 3 \/—h<K—— ) 1
167rG / v <R+ . ) T [ o) B

which leads to the equations of motion

1 3 . 1
R, — §gWR = ﬁgw + Q(FM F,,— gWF P ) (3.2)
D,F" = 0. (3.3)

The solution for the metric and gauge field are
dr?
f(r)
1
A=A,dxt = 2—h(r)dt + h(r)\(0)d¢ (3.5)
s

ds® = —f(r)(dt +25M(0)d)* + 7o + (1% + ) + Y (0)%d6%),  (3.4)



where

Fr) = 172(r? + %)% + (k + 4725%)(r? — s?) —2Mr + P%2 + QZ’ (3.6)

r? + 52
2Qsr + P(r? — s%)
r2 + 52 ’

h(r) = (3.7)

From the field strength of the gauge field (3.5) we obtain the electric and magnetic charges

1 . Q(r*—s*) —2Prs
Qle)= [ woF=tm SIS - (38)
1 P(r* —s*) +2Qrs
m = — F=1] =P 3.9
Quigol = | F = lim ——5—5 (3.9)

where Y, is the spacelike hypersurface for each k, 0¥ is the boundary of ¥, at » =constant,
and the conserved charge is taken at r = oo.
Once again, performing the Wick-rotation ¢ — —i7 and s — —iy, we find

1 6 1 . 2 1
Lien. = — da* R+ —F"E, ) - /d3 h(K——R) 3.10
en. 167rG4/ x\@( e / ) 871Gy avh [~ afl) (310)
for the Euclidean action. The metric and gauge field become

dr?

ds = fu(r)(dr + 2x\(0)de)? + oM (r? = x*)(d6° + Y (8)%d¢?) (3.11)
Ap = 21XhE(r)dT + h(r)A(0)dé, (3.12)
where
fo o e S i G 41—1;;22(;? x%) — 2Mr+ P? + Q27 (3.13)
he = 2@”;2 ]_3(;22 X0, (3.14)

As with the uncharged case, this Euclidean metric describes two distinct geometries, a
dyonic-TN-AdS and a dyonic-TB-AdS.

3.1 Dyonic TN-AdS solution and thermodynamics
The dyonic-TN-AdS solution is obtained when fg(r) has a root at r = r4 = x. This
implies

M =M, :1<2X2(/€—4x2>+P2+Q2) (3.15)
"2y 12 ’ )

and the Euclidean metric function is then given by

2(r = x)*(r 4 3x)x + 6(r — X)x — (P? + Q%)
x(r+x)

fulr) = : (3.16)

It is clear that if f,(r = x) = 0, then

P2+ Q*=0 (3.17)

~10 -



We can satisfy this relation non-trivially if we take P = i(Q) so as to make the gauge field
vanish at the horizon, namely hg(ry) = h(x) = 0. This implies

hp(r) = — QU =X).

3.18
T+ X ( )
Note that if (3.17) holds then the metric function becomes the same as the uncharged case,

and so only k¥ = 0 and 1 are allowed for dyonic TN-AdS. Imposing these conditions ry = x
and P = i@}, the mass parameter becomes

(3.19)

Since K and R3 are still given by (2.12) and (2.13) respectively, the on-shell Euclidean
action is now

Bw 2(R*—4Rx® - %) @7 ( 1 >
Iy = == |3M, — 2R > o O3] I (3.20)
T hm(I) Bw M+%_Qi _M(KJ_M_Q?) (3.21)
T g T g \ T T 2 2y | 8nG 2 2x2 ’

where (3 is the inverse of the Hawking temperature.
The thermodynamic energy, entropy, and specific heat are, for kK = 1,

2 2 2 2
WX, Q wx 2 0Ox
5= (1 —12 + 2>< ) - (1 +2¢% - - ) , (3.22)
w Q? wx s A
=50 (M + Xk l2 + > e (1 +2g | (3.23)
w1 w
b= _ Y, 24
e ((00) — b0 ) =~ 150 (3.24)

where we rescaled Q = —2gx (and so P = —2igx). The Hawking temperature is easily
calculated to be

K
= 3.25
00 = g (3.25)

and we can verify that the first law and free energy are satisfied
dE =TdS + ¢dQ, F=FE-TS-2Q. (3.26)

where x and g are the independent variables.
For k = 0 the temperature vanishes and we have an extremal solution. From the gauge
potential, we expect the energy to be

w (@ X Qw
x _ A P = 3.27
= 4nG ( 12 > ’ 887Gy (3.27)
so as to satisfy the following relations
dE = ®dQ, F=F—2Q. (3.28)

Since the temperature is zero, we cannot determine the entropy using (2.18). However the
horizon area is zero and the Misner string regularity condition does not apply, so we expect
that the entropy is zero.

- 11 -



3.2 Dyonic TB-AdS

If we assume that the metric (3.13) is not factored by (r — x), then it has a two dimensional
fixed point set and is called TB-AdS. The metric and gauge field are now

f 172(r2 = x2)? + (k — 472X2) (r? + x?) — 2M7r + P? + Q?
E — )

22
_2iQxr — P(r* + x?)
= 22 '

hx

and the mass parameter is

PPP+Q*+r(rE+x%))+ 7,;1 —6rix? — 3x?

M= Mb - 2[27“1)

(3.29)

where we denote the radius of the dyonic-TB-AdS as r,. Imposing the regularity condition
for the norm of a gauge field to vanish at the horizon of TB-AdS, we get

p— 2iQxTy

ab
Apq,A
9 AEa Eb’ rg Y

= Ap(r) =0 —

T=Tp (330)
and so @ and P are related.

We next calculate all thermodynamic quantities, subsequently apply the regularity
condition, and then show the first law and free energy are satisfied. To calculate the electric
and magnetic potentials, we consider two definitions of the field potential as follows

oS

oS
T2
ry, P aQ

Tp,Q 8P

_or
o

)y  OF

1 1
v " = 9p

(3.31)

b
Ty, P TZNQ

where @g) and @5\? are conjugate variables for each charges ) and P respectively via the
first law of thermodynamics

dE = TdS + ®pdQ + ®)dP (3.32)

with details about how to compute them given in appendix B. Alternatively, we can take

@ W

o W
E 7 ArG

(2) _
P (Ar(00) = Ar(n)), By = =

(@21(00) — Par (7)) (3.33)

which are typically chosen for gauge potentials, and where

T 1
Dp(r) = / dr' B(r'), B(r) = %etred’Fg(ﬁ . (3.34)
Then we can compute energy from the equation
E — dpQ — P = 0glren. (3.35)

for both cases.
Since we have a dyonic solution we naturally expect both types of charge to appear
in the first law, and usually they yield the same result for an electric potential, as shown
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in appendix A. Here, however, this turns out not to be the case: upon computing the
potentials respectively using (3.31) and (3.33) for each case and then imposing the regular-
ity condition (3.30), we find that thermodynamic quantities such as energy, temperature,
entropy, and electric potentials @g) and @g) become equivalent, whereas the magnetic
potentials <I>§\14) and @S\? remain inequivalent. This is because the regularity condition is
equivalent to setting the magnetic potential oll) — 0, a condition incompatible with @g\?
in (3.33). Thus the magnetic potential 1135\2/[) is not valid once the regularity condition (3.30)
is imposed. Then under this regularity condition (3.30) we expect the first law and free

energy to satisfy

dE =TdS + ®gdQ, F=FE-TS—-®pQ (3.36)
and we shall illustrate this in specific cases in what follows. In general only @5\}[) can satisfy
the first law, as should be clear from its definition in (3.31).

3.2.1 Thermodynamics for K # 1

The extrinsic curvature and three dimensional Ricci scalar are
—3Myr? + Myx* + 26r® + 1 (P2 4 Q?) + (3r® — 1413x? + 3ry*)I 72

K= , 3.37
(r2 = x> V/fe(r) (337)
Re— =2x% (=2Myr + P2 + Q% + & (r® + x2) + (r* — 602\ % = 3xH)I72) N ()2
i (> =Y (67
277 (6)
e S 3.38
CESUNO 5%
and from this we obtain
Bw (2R3 — 8Rx? + 1} — 3rp)X?)
Ig = —— |3My — 2 —
BT srG SMp = 2r Rt [2
2 — P?) (rj + x*) + 4P 1
RO )( (2" +>§)g FAPORN) L o (R) + 1ot (3.39)
r2 —x
hen = Jim (1) = 22 (g - "o =3x8 | (P2= Q) (1 0 1y = 4iPQrix
ren Rooo 87TG 12 (Tg - X2)2 .
(3.40)

for the Euclidean action. Note from (3.30) that P o« —i2QY, ensuring the Euclidean
action (3.40) is real.
The Hawking temperature and entropy are

1
T= Eff;("”b)
X (Mb () | =2+ (P24 Q%) H)

m(rf —x?)° 2rpx? 212x? 2x?
2 _ 2 2
_ P(sry — M)) +22rb (ri —3x%) (3.41)
9 w(rf = x%)
= ——1 Ir n. — .~ 42
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where
2ml? (rf — x?)

= 12 (kry — My) + 2ry, (12 — 3x?)

(3.43)

allows us to regard M; as a function of 8 and the other parameters. The heat capacity for
fixed P and Q is

wrg (r —x%) 3 (rg = x») 2 = 1 (—rr} + kx* + P2 + Q%))

Cpg = 3.44
el (e e e e O B T A U L S ) B
from (2.38). Now we obtain the electric, magnetic potentials and energy
o) _ Y Q (r? + x?) rp + 2iPriy o) _ @ 2iQrix — P (r2 +x*) (3.45)
E 4G (7”13 . X2)2 ’ M 4G (Tg . X2)2 .
2 2 2 2\ (2 4 12 »
g = 1 (o= (@7 ) (4 x ); HPQrix ) (3.46)
&G l2 (fr'g — XQ)
where <I>}(31 ) and @1(\}1) are derived from (3.31) and the energy is from (3.35), and
) w Qry+iPx (2) w iQx — Pry
= Oy = . 3.47
B A7 G (rg -x?)’ M " yrG (rg - x?) ( )
3 2 2 - 2 .2 2 2 2
E(2) — w KTy + Ty — 3TbX + (P "y — QZPQX) (rb + X );_Q 3 (rb — SX ) ) (348)
&G 12 (7“2 X2

where <I>](32 ) and @ﬁ) are derived from (3.33) and the energy is computed from (3.35). These
quantities do not satisfy the first law of thermodynamics, but upon imposing the regularity
condition (3.30) these thermodynamic variables (3.45)-(3.48) become

2 _ 3y2) Q%
FO ZpO _p_ Y o (7 b 3.49
g\ 12 * r2+x%)’ (3.49)
o) o gy ¥ __On M) ol - _ ¥ _OX _gg

4G (12 +x2) AnG (rj +x%)

and we see that the magnetic potentials are inequivalent. The first law and the free energy
become

dE = TdS + ®pdQ, (3.51)
F=E-TS—®Q (3.52)

upon using <I>1(v1[) = ®\ = 0.

3.2.2 Thermodynamics for Kk = 1

For k = 1, the Hawking temperature is constrained to be 1/8mx so that the Misner string
singularity is no longer present. Moreover, the entropy does not follow the Bekenstein-
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Hawking formula, but can be obtained from the thermodynamic relation (2.32). We find

- ifﬁ(rb) (353)

_ )2 <Mb (r2 +x?) + — 2r2x? + 9x* (P2 + Q%) _ 1) _ 8L (3.54)

( 27y x> 2122 22 X’

e (e

12 (rf+x*) — 24rpx® N Aryx? (P —Q?) (3rix+x*) — 2iPQry (1} +3x?))
20 (r —x)° '

il
2G
(3.56)

without imposing (3.30). We shall first consider the behaviour of these quantities without
this constraint, and later see that it is required in order that the first law of thermody-
namics hold.

Inserting M} from (3.29) into the temperature yields the constraint

Q2 4+ P2 = (Tl% - XQ) (6X (TQ 2l2 ) —I? (1p — Q’QX)) (3.57)

Replacing P = —2ixg, we can interpret this as a constraint on r,. Then (3.57) has 4
solutions denoted 7415+ and rp o5, each of which are functions of @), g and x. We write
these in appendix C, and plot each as a function of x in figure 4 for fixed values of () and g.

The quantities 74 14 and rp, 24 are always positive, whereas the positivity of r,1— and
rp2— depends on the parameter values; all positive values of 71— yield negative entropy,
but some positive values of r, 9 can yield positive entropy. Hence we shall only consider
Th,145 Th2+, and rp o in this section.

In the uncharged case as shown in figure 1, r, in the small TB-AdS started at x = 0;
upon turning on the electric charge ) with the magnetic parameter g = 0, the starting point
is at a positive value of Y, illustrated in the upper left plot in figure 4. As () increases the
curve approaches an inflection point and retains the small/large branch shape for a while.
Further increasing @), the range of 7 of the small TB-AdS gets shorter and disappears at
around () = 0.13. However another solution of 7 11 at large values of x emerges, extending
the end point of r of the large TB-AdS; this solution is denoted with the orange dashed
line in the upper right plot in figure 4. All dashed lines in figure 4 correspond to negative
entropy, and so are not considered to be physical solutions. Thus as the electric charge Q
becomes larger than ~ 0.13 (with g = 0) only the large (dyonic) TB-AdS solution exists.

Once the magnetic parameter g becomes nonzero, the bolt radius rp of the small
TB-AdS appears and again forms the small/large branches, shown in the lower left plot
in figure 4. Setting () = 0, we recover the behaviour of the uncharged case; note that
P = —2igx and so the pure magnetic case does not exhibit behaviour similar to the pure
electric case. If we increase ) the small branch disappears (from the upper left to the
upper right plot in figure 4, but if we increase g, then for g > () the small branch emerges
again (the lower left plot becomes the lower right one).
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rp Ty
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Figure 4. The horizon radius of TB-AdS for k = 1 vs. x for fixed values of @ and g with
G =1 = 1. The dashed lines correspond to negative entropy, and are not regarded as corresponding
to physically admissible solutions.

In general we find that a maximum value of y always exists. The dyonic TB-AdS
solution has two branches (large and small) for two cases: @ < 0.13 with ¢ = 0, and
g > Q. Recall that a small (dyonic) TB-AdS is one whose radius increases as the NUT
charge increases, whereas the radius of a large (dyonic) TB-AdS decreases as the NUT
charge increases.

Inserting these values of 7y into the entropy (3.56), we can express S in terms of @, g
and x. For fixed values of @ and g, the entropy as a function of y is plotted in figure 5
where the dashed lines are ones calculated with the dashed lines of rp, 1 in figure 4. We see
that even for the 7, 4 solutions, the parameter range must be restricted to ensure positive
entropy. We also observe that if @) is smaller than 0.13 with ¢ = 0 or g is bigger than
@, the behaviour of the entropy becomes similar to the uncharged TB-AdS case, shown in
figure 2, but as @ increases keeping g = 0 the only allowed solution is that of the large
(dyonic) TB-AdS.

From the definition (2.38), we also calculate the heat capacity

o :wlgrbxg ((r? — 2% (2, — 12x3)
PR =G0 122
L X(@ - P (9ry + 14r2x> + x*) + 16iPQry () + 8rpx* + 3><4)) (3.58)
(rf —x?)*
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Figure 5. Entropy (3.56) of TB-AdS for k = 1 vs. x for fixed values of @ and g with G =1=1.

for fixed P and (), where

a1 = 12xry (r% — X2>2 + 12 (2)(2?"2 — 'rf} — X4 + dxry (P2 + Qz)) ) (3.59)

Substituting 74 ;4 and 73 24, we plot the heat capacity (3.58) as a function of x in figure 6.

If @ < 0.13 with g = 0 or as g becomes larger than ), the heat capacity exhibits behaviour
similar to the uncharged TB-AdS case, shown in figure 3; the small (dyonic) TB-AdS has
negative heat capacity and the large (dyonic) TB-AdS has positive heat capacity. Other

cases, for which 7,14 and 7,24 are restricted to yield positive entropy, have only positive

heat capacity, shown in the upper right graph of figure 6.

From the Euclidean action, the energy, electric, and magnetic potentials are obtained
from (3.31) and (3.35)

w 1y (2iPxry + Q(rE + x?))

(I)(El) = 2 )
An@ (¢ =13)
2 2 _ o;
o) _ @ T (P(rg + x?) 21@)(7”5). (3.60)
M 47TG (X2 — 7"5)2
2 2 2 3
+x 3xry +r
W — Y Iy _ b
grc et Ty B
N (Q% — P2) (=3x*rp — 6x%rp +17) N 16iPQx>r} (3.61)
(r2 —x%)° (2 —r3)* )
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Figure 6. Heat capacity (3.58) for TB-AdS for k = 1 vs. x for fixed @ and g with G =1=1.

and by (3.33) and (3.35)

p@ — @ (@ +iPx) @ _ w (=Pro+iQx) (3.62)
FoAnG (=) M arG (7 - '
2 2 2 2
+x° 1 (ry +3x7) 1
E@ Y |ap oo _ b P2y (i 2.2 4
seG T Ty B - ry (i 612x2 + )
+2iPQx(=3ry — 6rix® + x*) + Q%ro(ry — 1077x* + x4)>] (3.63)

As stated above, we find that the first law cannot be satisfied unless the regularity
condition (3.30) is imposed. Upon doing this, we find that (3.61)—(3.62) and (3.56) become

_ 9 g 2+ x? T (r2 + 3x?) N Q% (3x%r, +17) (3.64)
S S i ey T

w 24 31y, 8Q2x3ry
S= 5l +x" - + (3.65)

4G [ b [2 (r,»g + X2)2

w  Qn
op=— — 0 Dy =0 3.66
BT 4rG (r2 +x?%)’ M (3.66)
and that these quantities satisfy the first law

dE =TdS + PrdQ (3.67)
F=FE-TS - dpQ (3.68)

with the free energy written as in (3.68). Note that g and @ are no longer independent.
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4 Zero temperature limit of dyonic TB-AdS

For vanishing Hawking temperature the TB-AdS metric (3.13) factorizes:

1
fE:m(r—i—ro—i—a)(r—i-m—a)(r—ro)Q (4.1)
where
1
ro = \/XQ R 6l (\/ﬁQZQ +12(Q?*+ P?) — ml), (4.2)
1
a= \/4X2 - §l <\//€2l2 +12(Q?*+ P?) + 2/<;l>. (4.3)
By writing
T -
T—= -, r—7o+€r (4.4)
€

the metric (3.11) with fg given by (4.1) becomes

Profet
T di? + (1§ — X* + 27roe)dSY, (4.5)

" fe (d7 + 2x\(0)edp)? +
T € e
2 X 72 (47‘8 —a?)

2
o~ B - 2P

to leading order in e. In the limit ¢ — 0 we obtain the near-horizon metric

22 (4,2 2 2 (.2 2

2 g —at) o 1P (g —X7) o 2 2 2 27,2
which is AdSy x M, where M, is a two dimensional manifold depending on k as given
by (2.5), and where

4r3 —a? = l\//-12l2 +12(Q? + P?)

I
2= 6\/5252 +12(Q2 + P?) — gﬂ (4.7)

It is interesting to note that no NUT charge x appears in the AdSs section due to the
relations (4.7), and the metric (4.6) has no singularities at the horizon.

Thus for k # 1 the extremal limit is given by taking the metric function to be (4.1)
and we can check if the thermodynamic relations hold in this limit. The Hawking temper-
ature (3.41) is

3(rf = X2+ P(—Q* — P2 + (r} — x*)K)
47rrbl2(7"§ - x?)

Ty = (4.8)

upon substituting for the mass parameter. At zero temperature the following condition

(r2 —x%) (3r — 3x2 + Kl?)
12

gxt + P62xt = (49)
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must hold, implying that

ry (2rf — 6x% + Kl?)
2

<2/~€l2 —12x% + l\//-:2l2 +12(Q%, + ngt)) \/6X2 — 125+ l\/n2l2 +12(Q2% + P%y)
3v/612 '

M:Mext =

(4.10)
as well as
2 _ (.2 2\ 2 K 3
ext = (Tb+X ) <7"§—X2 +12> (4.11)
upon imposing the regularity condition.
The free energy and the energy (3.49) become
2 2 2 3
wry KX T + 3X wry K 2
Fext = — , Ext=—2|—5——+=51|- 4.12
ext A7 G (r%—x2+ 12 ) T 4r@ <7‘§—X2+l2 (4.12)
This satisfies the following relation
Fext = Fext — (PEQ|exta (413)
dEext = cI)Ed62|ext (414)
where we used ®g in (3.66) with Q = Qext
w Qextrb
op=—-——""—+. 4.15
BT 4G (rZ + x?) (4.15)
As there is no Misner string, we expect that the entropy is still given by (3.42)
wl (V2P +12(Q7 + P?) — k1)
Sext = (4.16)

24G
which is the Bekenstein-Hawking entropy.

For k = 1 the situation is more complicated. If the Hawking temperature (3.54) is
identified with the time periodicity 87y needed to eliminate the Misner string, then the
zero temperature limit is approached by taking y — oo, which would lead us to conclude
there is no zero temperature limit for the TB-AdS solution. The alternative is to abandon
this identification in the extremal case since the Misner string does not appear in the near-
horizon limit and imposing time periodicity cannot be done due to the long throat of AdSs;
the Bekenstein-Hawking entropy formula is then restored even for k = 1 and we find the
above thermodynamic relations hold for k = 1 as well.

Continuing with this latter assumption, we can observe new “finite temperature-like”
behaviour as follows. Inspired by the idea in [23], let us identify the electric potential as
a “temperature-like” quantity in this extremal limit 7y — 0. Solving (4.15) for Qexs and
inserting this into (4.11) yields

= |- 2 (k12— 3y2) — 4.17

X2 nl2+87r2G2l2 k3 w? a2\’ 12G212x2w?
2 6 30%.w? T30 472
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Figure 7. Left: TB-AdS radius vs. ®5~'. Right: entropy vs. ®z ' for the extremal TB-AdS for
a fixed value of y and Kk =1 with G =1=1.

C

300
— I'p

200}
Ip,2

100

‘ ‘ ‘ ‘ ‘ o

01 02 03 Y04 05 0.6

-100

-200}

Figure 8. “Heat capacity-like” quantity vs. ®5~' for the extremal TB-AdS with a fixed x and
k=1

as the physically acceptable values of rp in terms of ® ! and the other parameters. We plot

e as a function of @51 in figure 7 where rp1 = Tp— and 19 = 1. The resemblance to

the uncharged TB-AdS behaviour displayed in figure 1 and figure 2 is clear, with the notable

exception that the z-axis is the inverse of an electric potential and not of temperature.
We can calculate a “heat capacity-like” quantity

a8 ~ oS
=72 =Dy 4.1
C T op — C an)E ( 8)

replacing temperature with the inverse of the electric potential. We obtain

wrg (r2 — x?%) (3rf + kI — 3x?)
2G (—6x2r2 + 3rf — kI2x2 + 3x4)’

C= (4.19)

and display in figure 8 the behaviour of C' as a function of ®5~! . We observe that the
behaviour is similar to that of the uncharged TB-AdS case.

5 Conclusion

We have investigated thermodynamics for dyonic Euclidean Taub-NUT-AdS spacetime,
extending the previous studies [19-21].
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After reviewing the thermodynamics of the uncharged TN/TB-AdS black holes, we
investigated their dyonic charged counterparts. For the charged TN-AdS, the condition
P = i@ is always necessary and so there is no distinction between electric and magnetic
charges. For the dyonic TB-AdS, we found that the regularity condition (3.30) again made
the magnetic charge dependent on the electric charge. This condition was necessary in
order that the first law of thermodynamics hold. In this case, both the charged TN/TB-
AdS satisfy

dE =TdS + ®5dQ, F=E-TS—®Q

and where the entropy S is the Bekenstein-Hawking entropy for TB-AdS provided s # 1;
in this case both r, and @ are independent parameters. For x = 1 the entropy S does not
follow the Bekenstein-Hawking formula due to the additional contribution of the Misner
string, and because of requiring the time periodicity the phase space is reduced again.
Thus the variation in the first law is made by only one variable such as ). Furthermore,
we explored the thermodynamic behaviours of entropy and heat capacity before imposing
the regularity condition for x = 1 case. There is a maximum NUT charge, and small/large
TB-AdS phases, whose radii increase/decrease as the NUT charge increases, whose heat
capacity is negative/positive respectively. These characteristics appear either when the
magnetic parameter is turned off and the electric charge is smaller than 0.13 (I = 1 and
G = 1) or when the magnetic parameter becomes larger than twice the electric charge. For
other parameter ranges, the behaviour is like that of the large TB-AdS.

Under this configuration we studied the zero temperature limit of TB-AdS. We showed
that the near horizon geometry becomes AdS; x M,;, where M, is a two dimensional
manifold depending on k. This indicates that the Misner string disappears at the horizon in
this limit. Retaining the standard 1/87x time periodicity employed at nonzero temperature
implies that y — oo in the zero temperature limit, in contradiction with (4.8) which would
force T' — oo. This contradiction indicates that there might not exist zero temperature
limit in this case. However as the near horizon geometry of the extremal case is AdSo x M,
(with no Misner string at the horizon), we note that time periodicity cannot be imposed
on AdSs in this limit, suggesting we can relax this condition. So doing, we find that we
can make sense of the thermodynamics in the zero temperature limit and speculate the
Bekenstin-Hawking entropy formula holds even for x = 1 case. Furthermore, we showed
that inverse of the electric potential can be regarded as a “temperature-like” quantity [23],
with the zero-temperature TB-AdS having entropy and a “heat capacity-like” quantity
exhibiting similar behaviour to the heat capacity of the uncharged TB-AdS solution at
finite temperature. The full implications of abandoning time periodicity in the extremal
case for kK = 1 remain to be understood.

Since Taub-NUT-AdS is asymptotically locally AdS spacetime, it has drawn attention
along with asymptotically AdS spacetime in AdS/CFT perspective [13, 14, 19]. The dual
field theory of TN/TB-AdS space is known to be a conformal theory on a squashed sphere.
It would be interesting if we find that entropy calculated at the boundary field theory
recovers the gravity results under both the regularity conditions of a gauge field.
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A Thermodynamics of the Dyonic RN black hole

Here we summarize thermodynamics of dyonic RN black hole [29] and show that @g ) and
@g ) yield equivalent results. The dyonic RN black hole metric has the form

1
ds®> = —f(r)dt* + mdﬂ + dr?(d6? + sin(h)?d¢?), (A1)
with ) )
2M g +p
=1-— . A2
fry=1-=2+ L5 (42)
The gauge field and its corresponding field strength become
1 1
A= (q — q)dt— Bcos@dgﬁ, F = (q2dt/\dr+p(22> (A.3)
K\Tr Th K KA\T
where we fixed the gauge for A to be regular at the horizon and then its norm is written as
1 p?
2 2

The divergence that occurs at # = 0 and 7 in A? can be removed by defining the gauge
field differently in the coordinate patches covering # = 0 and 7 so that it is regular on both.
The gauge fields can be matched up to a gauge transformation where the patches overlap.
All thermodynamic quantities can be calculated in a quasilocal frame [29], with the limit
R — oo taken at the end. The free energy from the semi classical approximation is then

dm?ry, (AMry, + p? — ¢?)

Lien = BF = — A5
which is equivalent to
F=F-TS5—-0rQF (A.6)
and where the various thermodynamic quantities are
16 4Mry, — ¢* — p? 16m2r?
E= ", gL §=""h (A7)
K2 8mry K2
1 1 4 47
op =L, Dy =L Qo="q¢,  Qu=—p (AS)
KT KT K
and satisfy the first law of thermodynamics
dE =TdS + ®pdQgr + PrdQ (A.9)

where Qg and @)/ are independent (i.e. not imposing the regularity condition on A). Here
¢ is obtained by <I>SE2) = Ai(rp) — As(00).

Now we calculate ®g using q;l(;) = %h‘h,p as in (3.31). Taking the variation of Iep
with respect to 8 first and then g, we obtain
Olren (1)
=FE—-7 A.10
?len  OE  00Y) 99},
= ~ B gp-ol) = B g, (A.11)

oQEdB  0Qr  0Qg 0QE
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where the first law is applied in the second line. This final expression will give us an electric
potential as follows

OLien  OM OLien  (rp— M)? OLen 27 (473 + p* — ¢%)

88 ~ 98 oM 2m2  OM e ; (A.12)
aZIren 1gq 8(1)](31)
9Qz08 ~ mr 9¢ 7 (A.13)
m_1la
QE N KR Th (A14)

where the last expression yields the same value of <I>](32 ) in (A.8).

B Electric potential for dyonic Taub-NUT-AdS

We now apply the same logic in appendix A to calculate the electric potential for the
dyonic Taub-NUT-AdS solution. Firstly let us start with the same expression for free
energy in (A.6), which is equivalent to the renormalized action value with [, then we
finally obtain

Plen 08 0%p 1 (Q(rE + x2) + 2iPryx)rp

9008 1o 0T TG (=)

where the last expression have () as a factor. This indicates that we need to start with free

(B.1)

energy or a renormalized action having both a magnetic potential and magnetic charge
Lien = BF = B(E =TS — ®pQ — OnP) (B.2)
from which the energy is calculated via
Oglyen = E — PpQ — O P

as stated in (3.35). We then calculate the electric and magnetic potentials via the definition
of conjugate variables for charges in (3.31)

OE 0S8
il G e
oQ\,, p 0Q

Plugging energy in (3.35) into (3.31) and making a variation with respect to @ and P

_ 798
no oP

1y _ 9F

o) _ 7
b Ty, P M aP

Tb:Q

separately, we obtain

91 aq>( n ool
= ren E (I)( ) M B.

o 5055 96 Q+ + 50 P (B.3)

21 ol oalh
E =2 ren D o) 4+ M p B.4
o =5pa5 * ap QT+ 5p (B-4)

Since the first law is written

doFE = TdgS + ®VdoQ + 3\ do P = TdoS + Y, (B.5)
dpE = TdpS + 0V dpQ + d\VdpP = TdpS + d\Y (B.6)
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Egs. (B.3) and (B.4) can be changed to

Bl 0DG 0B

TdgS = E Mp

dQS 8@65—*— 20 Q+ 0
2 (1) (1)

TdpS = O fren | 0%y Q-+ 90 p

0POp oP oP
(1)

(B.7)

(B.8)

Since we know T', S, and I, we can compute <I>1(31 ) and ®,, by solving two equations (B.7)

and (B.8).

C Solution for r, in terms of other parameters

From (3.7), we set f(rp) = 0, obtaining

Pote = 1= VBXTF VAL, 1 = 1+ VB F VAL,

where
48y — 1 t3 4(Vt4 + Vi5)1/3 1
=X = LAV V) +1923° + — - 32,
V23 (V4 +/t5)1/3 X
2t3 8(V4 ++/5)1/3 ) ) 1
12 = — - —96x? +48 (6x* — 1) + —5 + 16,
(VA+/5)1/3 X * G X?

t3 = 4y (192 (392 - 1) 2 — 144Q? + 576x* + 7) :

t4 = t52 — O (192 (392 - 1) x? — 144Q% + 576X + 7)3 ,

(C.2)
(C.3)

(C.4)

(C.5)

t5 =27 (192><5 —32% + x) (Q2 - 492><2) — 23 (6912X6 — 3456x* + 414x2 — 5) (C.6)

D Gauge field strength

To obtain free energy, we need to calculate the gauge field strength square F? in the

action in Euclidean space. The indefinite r-integrals of each nonvanishing component of

[ dr\/gF? are

r(4iPQr 2 _ p2)(y2 2
/ dr\/gFTTFT’“:{( Q x—;(ig_x2)2>< +x%)

- (Q? + P?) log (r - X)] Y(0)2,

4x

r(4e T 2 _ P?)(r? 2
/dr\/§F9¢F9¢:{ (4iPQ X;(Eg_xf);( +x7))

_l’_

4y T+ X

P (2)

(D.2)

where the range of r should be taken into account in calculation of the renormalized action.
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