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1 Introduction

In Newtonian mechanics, a collection of charged particles, each having mass equal to
its charge (in proper units), can stay still, reaching a state of mechanical equilibrium.
Remarkably, the balance between the attractive gravitational force and the repulsive
Coulomb force still holds in general relativity where this system is described by the
Majumdar-Papapetrou (MP) multi-black hole solution [1, 2] in Einstein-Maxwell (EM)
theory without a cosmological constant. The MP solution is free of any conical singularity,
since each black hole is an extremal Reissner-Nordstrém black hole [3]. Thus the emsemble
of multi-black holes is also in thermal equilibrium. When a positive cosmological constant
is added, the MP solution is generalized to the Kastor-Traschen solution [4]. Whether the
analog of MP solution exists in asymptotically AdS space remains an open question while
some attempts have been made in recent years [5-8].

In higher derivative extensions of Einstein-Maxwell theory, little is known about the
existence of multi-extremal black hole solutions. The goal of this paper is to figure out



what kind of higher derivative couplings can accommodate multi-centered extremal black
hole solutions whose total energy is independent of the position of each black hole. Such a
system of multi-black holes reaches internal mechanical and thermal equilibrium without the
aid of external forces, unlike the multi-black holes supported by strut [9], acceleration [10]
or cosmic expansion [11]. Naively, one may think that the higher derivative couplings
only modify the solution with no effects on its existence. However, lessons from Weak
Gravity Conjecture suggest that higher derivative interactions do in general break the
balance between gravity and Coulomb force [12]. Hence existence of multi-extremal black
hole solutions will require higher derivative couplings satisfy certain constraints, possibly
carving out the boundary between the landscape and the swampland. As we will see, these
constraints are stronger than those needed to protect the mass-charge ratio of extremal
black holes from higher derivative corrections.

In this paper, we focus on 4-derivative extensions of Einstein-Maxwell theory composed
of Riemann tensor and U(1) field strength. The brute-force way would be to solve the
4-derivative corrections to the multi-black hole solutions and impose certain smoothness
conditions. This approach is not feasible due to the lack of symmetry for multi-black hole
solutions. Instead, we follow a more physical path by first considering a 2-black hole system
where one of the black hole is much lighter than the other. In this case, the lighter black
hole is treated as a charged massive particle probing the background sourced by the heavier
one. The force felt by the test particle must vanish as a result of balance between gravity
and Coulomb force. The simple probe limit in the 2-black hole system already yields two
constraints on the 4-derivative couplings, of which, one combination implies that the two
black holes satisfy the same extreme mass-charge relation as in the 2-derivative theory.
Beyond the probe limit, backreactions from the test particle to the background solution are
considered up to first order in the mass of the test particle. The force-free condition derived
using the backreacted solution leads to surprisingly strong constraints on the 4-derivative
couplings such that the multi-centered MP solutions are not modified by the force-free
combinations of 4-derivative couplings.

The procedure above is carried out explicitly in 4-and 5-spacetime dimensions. In these
two dimensions, the Einstein-Maxwell theory is closely related to the bosonic action of N = 2
supergravity! with the MP solution preserving half of supersymmetry. Thus it is conceivable
that the force-free 4-derivative terms may correspond to 4-derivative supergravity invariants.
Our results show that in D=4 and 5, the force-free 4-derivative couplings contains not only
the 4-derivative supergravity invariants (parity even terms in D = 5) but also one more
structure which we identified as the F* term in quasi-topological electromagnetism.

This paper is organized as follows. In section 2, we review the force-free property of
extremal black holes in Einstein-Maxwell theory. In section 3, we carry out the procedure
outlined above in 4-and 5-dimensions, deriving the 4-derivative couplings that enjoy the
force-free property and can accommodate multi-extremal black hole solutions. We conclude
with discussions in section 4.

In D = 4, Einstein-Maxwell action is the full bosonic action of N = 2 supergravity. In D = 5, the
bosonic action contains also the Chern-Simons term which has no effect to the purely electric MP solutions.



2 Static Charged multi-black holes in Einstein-Maxwell theory

The solutions that will be utilized here are those of the D-dimensional Einstein-Maxwell

theory
1 1
Son = 5.5 /dDJ:\/—g (R - 4gQF,WlW”) . (2.1)
The widely studied single static charged black hole solution is of the form
ds* = —f(r)dt* + ar + r2dQ
f(r) o
m q?

f(?”) = g(’l”) =1- 9yD-3 + 4r2(D=3)"

B qq B D—-2
Aq) = —apirD_:idt, ap = ’/72(19 —3y (2.2)

where dQ% _, is the line element on a unit (D — 2)-sphere. To simplify the discussion, from
now on, we set U(1) coupling g = 1. Parameters m and ¢ are related to the ADM mass M
and electric charge @ via

2M 2 Q
" DAy q_\/(D—2)(D—3) Ap (2:3)

where Ap_o denotes the area of a unit (D — 2)-sphere. In addition, the theory also admits
multi-extremal black hole solutions [1, 2, 13]

1
(2.4)
where m;, &; label the mass and position of each black hole. These black holes have reached

ds? = —H2d> + Ho5 (daf +---da%_y), Av=2apH', H=1+3 AF .
7

the mechanical equilibrium, namely, the gravitational force is precisely canceled by the
Coulomb force. Indeed the i-th black hole’s mass and charge obeys

M,; = QaDQi . (2'5)

In terms of the parameters characterizing a single black hole, it means m; = 2¢;. The
mass-charge relation is usually called the extremality condition or BPS condition if the
Einstein-Maxwell theory is embedded in supergravity. The force-free property is reflected
in the fact that the energy of the multi-black hole solutions (2.4) is independent of the
position of individual black hole.

In fact, the mass-charge relation (2.5) needed for the system to be force-free can also
be obtained by considering a certain limiting situation without actually knowing the exact
multi-black hole solutions. For instance, in the case of two black holes, suppose one of the
black hole is much lighter than the other so that at the leading order of the small mass ratio,
the lighter black hole can be treated as a charged massive particle probing the background
of the heavier black hole. Needless to say, the test particle must be able to stay static is a
necessary condition underlying the existence of the 2-centered MP solution.



The action of a charged massive particle takes the form

So = —my / \/ —Gudrtda’ + qo/AMda:“, (2.6)

where the target space coordinates z* is pulled back on the world-line of the particle. The
relation between mg and gp will be determined later. In the background of a single charged
black hole, an initially static particle is entitled to remain motionless as long as the potential
read off from the action (2.6) is independent of r

Vo = mov/—git — qoA¢ = const. (2.7)
Substituting the black hole solution into (2.7), we find that
mmg — 4apgqo  mo(m — 2q)(m + 2q)

Yo =m0 = =153 322(D=3) T (2:8)
where “---” are higher order terms in 1/r. Clearly, for Vj to be r-independent, the mass
and charge parameters must obey

m = 2q, mg = 2apqo - (2.9)

Plugging the mass-charge relations above back to Vj, we confirm that the potential is
indeed constant. Thus we see that from the simple consideration of a probe particle in the
background of a charged black hole, one indeed recovers the mass-charge relation (2.5).

Beyond the probe limit, one must include back-reaction of the probe particle to the
background solution. This eventually leads to a 2-centered MP solution and the force felt
by the lighter black hole is not well defined at its own location, since the metric and electric
potential diverge right there. Away from the center of black holes, the force-free property
is manifest in the MP solution as A; = 2ap+/—g¢«. The consideration of the probe limit
applies to systems with more than 2 black holes as well. For example, in a 3-black hole
system, when one of the black hole is much lighter than the other two, the lightest one can
be treated as a test particle probing the 2-black hole solution. For Einstein-Maxwell theory,
this again leads to the extreme mass-charge ratio satisfied by the third black hole.

So far, we see that for Einstein-Maxwell theory, the probe limit adopted above reproduces
the known mass-charge relation of extremal black holes. In the next section, we apply the
same idea to study existence of multi-extremal black hole solutions in 4-derivative extensions
of Einstein-Maxwell theory. It is shown that besides the mass-charge relation (2.5), the
force-free property also requires the coefficients of higher derivative couplings satisfy certain
constraints. In other words, not all the higher derivative couplings allow the existence of
multi-extremal black holes.

3 Force-free 4-derivative action

In this section, we propose a general method of deriving the force-free higher derivative
couplings. For technical viability, we mainly focus on D = 4, 5. Interestingly, the 4-derivative
couplings determined from the force-free condition are strong enough that “there-would-be”
corrections from the 4-derivative couplings to the multi-extremal black hole solutions vanish.
This means that the multi-extremal black hole solutions in the 2-derivative Einstein-Maxwell
theory persist to be exact solutions of the force-free higher derivative theory.



3.1 The set up

In this section, we explain our method of obtaining the higher derivative couplings that enjoy
the force-free property. We start from Einstein-Maxwell theory extended by 4-derivative
interactions of the form

1 1
Searao = 5.3 /de«/—g (R = ™+ AE) : (3.1)
where for the time being, the 4-derivative interactions are chosen to be parity even

AL = c1R? + caRyy R™ + 3Ry pe R*P7
+ C4RF, F™ + ¢5R FPPFY ) + o Ryuypo FHV FP°
+ 1 Fu F' Foy FP7 4 cgFy FYP Fy FOF 4 gV F,, Y ,FP . (3.2)

The coefficients ¢y - - - cg may arise from integrating out heavy degrees of freedom at UV
energy scale A, thus c;---cg are suppressed by 1/A%. From the viewpoint of effective
field theory, ¢; ought to be small and thus we will solve the field equations up to first
order in ¢;. At this order, the effect of 4-derivative corrections is encoded in an effective
energy-momentum tensor and an effective electric current built upon the leading order
solution [14]. Specifically, we shall solve field equations below only up to first order in ¢;

1
Ry — %Q#VR = % <FupFup o 49uquana> + %ATW [gg\?r) ’AS‘O)] ’

V. = AJ g AL (3.3)

(e

where the effective energy-momentum tensor and the effective electric current are defined by

A =2 3(/=gAL) A _ S(AL) 54)

17272 /7_9 59#’” ) 5AV ?

whose explicit forms are given in appendix A.

To find the force-free 4-derivative extensions of Einstein-Maxwell theory, we consider
the simplified scenario in which one of the black hole is treated as a test particle in the
background of the other heavier black holes. At first sight, one should also extend the
minimally coupled particle action to include higher derivative corrections of the same order.
Dimensional analysis suggests the action (2.6) can be extended to

SE) = —myo / \/_(guy + OllguVR + QQR;U/ + aggusz + O(4FMO—F1,U)d{E”dJZ‘V

+ a0 / (A, + a5V F,)da" (3.5)

where coefficients «; all have dimensions of A~2 in accord with the coefficients of 4-derivative
couplings in the gravity action. As a matter of fact, these higher derivative corrections to the
test particle action can be absorbed into redefinition of g,,, and A,. In terms of the redefined
metric and the U(1) gauge field, the test particle action retains the minimally coupled
form, while the gravity action is still parameterized by (3.2) with certain new coefficients c}.



Therefore, we can choose a frame in which the 4-derivative gravity action takes the most
general form (3.2), while the test particle action remains minimally coupled. Notice that
although the test particle action is not modified by higher derivative terms, the background
black hole solutions do in general receive corrections from the 4-derivative interactions.

In our approach, we first consider probe limits in 2-and 3-black hole systems. In the
2-black hole case, we only need to solve for 4-derivative corrections to a single charged
black hole solution which is straightforward. This leads to 2 constraints on the 4-derivative
couplings, of which, a combination implies the two black holes satisfy the same extreme
mass-charge relation as in the 2-derivative case. In the 3-black hole case, we need to solve
for 4-derivative corrections to 2-centered extremal charged black hole solutions. Obviously,
a direct construction of such solution is very hard. However, we can consider a special
situation where there is a hierarchy of masses in the 3-black hole system my < ma < m;.
While the black hole with mass mg is treated as the probe, 4-derivative corrections to
2-centered extremal black hole solution with mo < m1 can be solved order by order in mg
in the far zone r > m1 2. We can then place the test particle in the far zone and require it
feel no force from the 2-centered extremal black holes. It turns out that utilizing perturbed
solutions up to first order in mo, we already obtain constraints on 4-derivative couplings
that ensure multi-extremal black hole solutions to exist.

To calculate 4-derivative corrections to 2-centered extremal black hole solution, we
utilize the axially symmetric ansatz. In cylindrical coordinates, the metric and the U(1)
gauge field take the form

2
dSD

—a(p, 2)dt* + b(p, 2)dz* + c(p, 2)(dp* + p*d)_3) , Aqy = 2apu(p, z)dt. (3.6)
In terms of spherical coordinates defined by

r2=p>+ 2%, z=rcosb, (3.7)
the ansatz above (3.6) is expressed as

ds* = —a(r,0)dt* + (b(r,0) cos® 0 + c(r, 0) sin® 0)dr? + 2 (b(r, 0) sin? @ + ¢(r, 0) cos? 0) db*
+ ¢(r, )r? sin® 0dQ%_5 + (c(r,0) — b(r, 0))rsin 20d0dr
A(l) = 2aDu(r, Q)dt . (3.8)
Without higher derivative corrections, the 2-centered extremal black hole in spherical
coordinates is given by
ap = H(r,0)72, by = co :H(T,H)Di*i’», ug = H(r,0) !,

mi ma
H(r0)=1+ —F—5+ — (3.9)
ArP=3 g2 4 23 — 2297 cos 0)¥

where the two black holes are located at z = 0, z = 23 on the polar axis respectively. Notice
that the radial coordinate in (3.9) differs from the radial coordinate in the single black hole

solution by the transformation
1

r=rH(r)D-3, (3.10)



where 7 denotes the radial coordinate in the single black hole solution (2.2). One can check
it by setting mgo = 0 and the 2-centered black hole reduces to the extremal single charged
black hole solution (2.2).

When mo < my1, we keep the solution up to linear order in ms. The results are

ag = f (1 2
0 _ m
27‘(r2+z2 —2z2rcos0)

2 1 mo 2
:COIfD*?’ 1+ — +O(m)7
< 2(D - 3) fr2+ 22 — 222rcos0)]323> ?

) +0O(m3),

" (1 mo
o= f _
4f(7“2 + 22 — 2297 COS 9)

>+(’)(m2) flr )—1+4 D T (3.11)
In the far zone r > my 2, 22, we can further expand the solution in (axisymmetric) spherical
harmonics as [15]

1

(12 + 23 — 2297 cO8 19)

= Z rD 3+ Y, (cos®), (3.12)

D3 D=3
where Y, (cosf) = C, 2 (cosf), and C, * is the n-th Gegenbauer polynomial whose first
two members are

D-3

D=3 D=3
Cy? (cosf) =1, C;? (cosb) = (D —3)cosb. (3.13)

Turning on 4-derivative corrections, we adopt the ansatz for the modified 2-centered black
hole solution as

a(r,0) =ag+da, b(r,0) =by+ b, c(r,0)=co+dc, u(r,d)=uy+du, (3.14)

where the corrections {da, db, dc, du} are solved only up to O(c;, mac;). In the far zone, we
also expand the perturbations in terms of (axisymmetric) spherical harmonics

5a7225a Y, (cos ), 56—225 Y, (cos®),
n=0¢=0 n=0i=0
el 50 ou (zn

de = Z Z (cos®), ou = Z Z (cos®). (3.15)
n=01:=0 n=0:=0

In summary, we will substitute the ansatz into the field equations with 4-derivative

corrections

d 2,Mn
a(r,0) = f~ +Z< 2f3,M+Z%)Yn@ose)wm%)w(c?),

=0

m2fD 5 2y 0b(; ) 9 9
b(r,0) = fD- 3+Z( 2D —3) 7D 3+n+ZT Y, (cos0) + O(m3) + O(c7),

1=0



D

m2f 223 5C(i,n) 2 2
c(r,0) = fD- 3+Z( 2D —3) D~ 3+n+ZT Y, (cos0) + O(m3) + O(cs),

1=0

OU(i,n) 2 2
u(r,0) = f~ —I-Z < 4f2 rD 3+n +§)Ti> Y, (cosf) + O(m3) + O(ci), (3.16)
and solve for the expansion coefficients {da; ), 0b(;n)> 6¢(in), Ou@ny} up to O(ci, mac;).
Then for the test particle in the background of 2-centered black hole solutions, the force-free
condition becomes

Vo = moy/a(r,0) — 2qoapu(r,d) = const + O(c?). (3.17)
As we will see, the equation above highly constrains the coefficients of 4-derivative couplings.

32 D=4

In this section, we study consequences of requiring the balance between gravity and Coulomb
force in multi-black hole systems with 4-derivative corrections (3.1). In practice, this is
carried out in the probe limit under which one of the black hole is much lighter than the rest
and is treated as a charged massive particle. It turns out that the 2-and 3-black hole cases
already yield sufficient constraints on 4-derivative couplings such that the MP solution in the
2-derivative Einstein-Maxwell theory remain to be an exact solution without any corrections.
Surprisingly, the full set of constraints obtained from the probe limit of a system involving
3 electric black holes can be reproduced by combining constraints derived from the probe
limits of two simpler systems. One consists of 2 electric black holes and the other contains
2 magnetic black holes. Furthermore, we will also study force-free condition implied by
the probe limit of 2 dyonically charged black holes. This yields the strongest constraints
compared to all previous cases. Interestingly, the resulting 4-derivative couplings almost
reproduce the 4-derivative invariants in ungauged off-shell N = 2 supergravity [16—18]
module two unconstrained coefficients ¢1, cg which do not affect the solution at all in the
first order perturbation theory.

3.2.1 Probe limit in the 2-black hole system

In this subsection, we consider probe limit of the 2-electric black hole solution in which one
of the black hole is much lighter than the other so that the lighter black hole is treated as a
charged massive particle probing the background of the heavier black hole. To study the
implication of force free condition, we first find 4-derivative corrections to the single static
charged black hole solution by solving (3.3) up to first order in ¢;. The results are given by

d 2
ds? = — f(r)dt® + Wi) £ r2(d6? +sin?0de?), A= Audt, (3.18)
where
f(r)—l—ﬂ—}— q2 e ((c +2(2¢3—20cy —4cs+cg+8cr+4cs)) ¢

+20r? (02+403—4C4+206)—5mr(02+2(203—604—05—1-66))) +0(c?),



m ¢ ¢ 2
9N =13 415105 (2(3ea+123+30cs +11¢5+ 1605+ 8cr-+4cs) g

—5mr (3ca+2(6c3+ 1404+ 5e5+7eq)) +40r (e +4eg +8cs+3c5+4cg) ) +O(c]),

q 1
A=—1_
t r  20r°

(2q3 (%02+203+1064+C5 —9¢c6— 16(267+Cg)> —|—2006qu) +0(c?),
(3.19)

which agree with [19]. Notice that ¢; and ¢y do not affect the solution because the effective
energy momentum tensor and electric current associated with R? and VAF, 'V pF'PY vanish
on the leading order solution. Corresponding to the modified solution above, the mass-charge
relation of the extremal black hole becomes

8(62 + 4c3 4+ 2¢5 + 2¢4 + 16¢7 + 868>
5¢q

Mext = 2q —

+0(c2). (3.20)
As discussed before, the action of the test particle retains the same form and thus force-free
condition requires the potential be position independent

Vo= mo\/m — go At = const + O(c?). (3.21)

Since the perturbed solution is obtained only up to first order in ¢;, we impose the force-free
condition at the same order. Substituting the modified solution (3.18) into (3.21), we
obtain the mass-charge relation m = 2q, mg = 2¢q9 and two constraints on the higher
derivative couplings

C2

1
Ccy = Z (02 + 4cg — 266) , Ccs = —5 —2c3 — cg — 8¢y — 4es. (3'22)

Notice that the second constraint implies that the mass-charge relation for extremal black
hole becomes mext = 2¢, so that the black hole obeying force-free condition is still extremal.
We also see that the force-free condition is in fact stronger than merely keeping the extreme
mass-charge ratio unaffected by the higher derivative corrections. In the next subsection,
we will explore the consequences of force-free condition using the probe limit in a 3-black
hole system.

3.2.2 Probe limit in the 3-black hole system

In a 3-black hole system, we assume there is a hierarchy of masses my < mo < my. The
black hole of mass myg is to be treated as a test particle in the background consisting of 2
heavier black holes which already reach mechanical equilibrium between themselves. This is
indicated by the results from the probe limit of 2-black hole case. Without higher derivative
corrections, the 2-black hole system is described by the 2-centered MP solution. As discussed
in section 2, to circumvent the difficulty of solving for the full 4-derivative corrections to
the 2-centered MP solution, we expand the 2-centered MP solution in powers of mso keeping
only terms up to first order in ms. Furthermore, we perform large r expansion in the far
zone T > my, ma, 22, where the test particle is placed. Corrections to the approximation
of the 2-centered MP can then be solved up to order c¢;, moc;. The perturbed solutions



associated with each (axisymmetric) harmonic function (3.16) are independent of each other.
Using the solution associated with Yp(cos @) (given in appendix B), we obtain the following
constraints from the force-free condition (3.17)

1
(C2 + 4c3 — 868) R (3.23)

1
C4:*(C2+4C3), C5:—(CQ+463), 66:0, C7:E

4

which are stronger than the one obtained from the probe limit of the 2-black hole solu-
tion (3.22). Substituting the tightened constraints (3.23) into the effective energy-momentum
tensor and effective electric current, we find that

AT, g, A9 =0, AJ g A0 =0, (3.24)

are satisfied not only on a 2-centered MP solution but actually on all the uncorrected multi-
centered MP solutions (2.4). This result implies that the MP solution in the 2-derivative
theory are not modified by the 4-derivative interactions fulfilling the force-free requirement.
At this stage, there is no need to explore consequences from the probe limit involving more
than 3 black holes.

Plugging (3.23) in (3.2), we obtain the 4-derivative couplings that can accommodate
multi-extremal black hole solutions

AlLorce-tree = ¢, B2+ h Ly -+ s Lap+dy [(TrF2)? —2Te(FY)| + VA FL Y, ™, (3.25)
where we redefined the coefficients to label the independent structures

1 1
d=c143(ca+c3), C,2:§(02+463)a 632*5(62+203),
1
¢y = g(CQ + 4cg — 4eg) Cs = cg — o —4es. (3.26)

Ly and Lgp correspond to the two 4-derivative invariants in D = 4 off-shell ungauged
N = 2 supergravity [16—18] upon eliminating the auxiliary fields

Ly2 = ChvpeC*P7 + SRE,, F* — 2R, F'F , — 1 F,,, F*" F,, F*7
+ 3 Fu PP Fpe F7M + 2(VHE,p) (V F7)

Lop = R? — AR, R™ + Ryypo R (3.27)

Our result is consistent with and beyond the old result [20] stating that the MP solution
does not receive quantum corrections in N = 2 supergravity, since we also obtain one more
structure with coefficient ¢ that preserves the MP solution. The same combination of
F* terms also appeared in quasi-topological electromagnetism [21, 22]. In fact, one can
prove that the particular combination of two F* term does not affect all purely electric or
magnetic solution regardless of the symmetry of the solution.

3.2.3 Concerning magnetic black holes

In the previous subsection, to obtain the sufficient constraints for the 4-derivative couplings
to accommodate multi-extremal black hole solution, we have to consider probe limit in

~10 -



a 3-black hole system and solve for corrections to the 2-centered MP solution which is
technically more involved compared to the probe limit in the a 2-black hole system. Since
Einstein-Maxwell theory also admits magnetically charged black holes, one may wonder
what would be the consequences of force-free condition from the probe limit of 2 magnetic
black holes although this seems to be unrelated to our original pursuit about existence of
multi-electrically charged black holes. To our surprise, the force-free condition imposed on
the probe limit of 2 magnetic black holes yields 2 more constraints, which combined with
the 2 constraints obtained from the probe limit of 2 electric black holes, leads to the full set
of constraints derived from the probe limit in the 3-black hole case.

To study the probe limit of 2 magnetic black holes, we first find the 4-derivative
corrections to a single magnetic black hole. The computation is similar to the electric black
hole case. The only difference is that the test particle is now coupled to the dual U(1) gauge
field and The outcome of the force-free condition is that

1 1
e = g (—co —4eg — 4eq — 2¢5) cr = 1 (cq — 2¢g), (3.28)
which when combined with (3.22) yields precisely the full set of constraints obtained from
the probe limit of 3-centered MP solution.
To complete the study of force-free condition implied by the probe limit in a 2-black
hole system, we consider solutions carrying both electric and magnetic charges. Up to first

order in ¢;, the solution takes the form

d 2
ds? = — f(r)dt2—|—%r)+r2d(2%_2 , A= Adt+pcosfdg,
m  p*4q? 1

=1 P L4 e )

+40r? ((203+2C4+C5+06)P2+ (2¢3—2¢4+co) qz)

—10mr ((203 +6c4+2c54c6) p> 4 (2¢3 — 6y — 5+ ) q2>
+4(2c3+c5+2¢6 7807)p2q2 +2(2¢3—20c4 —4cs+cg+8cr+4cs) gt
+2(2¢3+20c4 4605 +306+867+408)p4) —i—O(clz) ,

1
At:—%—W((CQ+403+2064+2C5—1806—32(2C7+Cg))q3
+20cemqr+(ca+4c3—20cs —8cs —26¢6 +64C7)p2q> +0(c?),
2. 2
_.om pitq 1 2 9 2, 22
9(r)=1-g + 510 (2(24¢5+Tes +14¢6— 1607)p% ¢+ 62(p* + )

+2(12¢3+30cs +11c5+16¢6+8cr+4cg)q* —4(—6c3+15¢4+2¢5+c6 —der —2cg)p?
—5mr ((302—1— 12¢3 —28¢4 —4cs —2¢6) p? + (3ca+12¢3+28¢4 +10¢5 + 14c) q2)

+40r? ((02 +4c3—8cy—cs)p*+(co +403+804+305+406)q2) ) +0(c?),

Ay = —g + 25% (2006mr —(cg+4c3—20c4 — 8¢5+ 6¢6 —64c7 —32¢3) p2>
pq’

~ 50,5 (22 (2e3+10ca+e5+Te+327) ) (3.29)
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where p, ¢ parameterize the electric and magnetic charge respectively. The purely magnetic
black hole we discussed before is obtained from the dyonic black hole (3.29) by setting
q = 0. For a dyonically charged test particle, the force-free condition becomes

Vo = mor/ f(r) — qoAi(r) — poAs(r) = const + O(c?), (3.30)

where g(l) is the dual U(1) gauge field satisfying dg(l) = *M(g), M = —20L/0F,,, with
* being the Hodge star operator. The dyonic charges should obey [23, 24]

qpo —pqo = 0, (3.31)

so that the electromagnetic field does not carry angular momentum and the solution can
be static.
Substituting the modified solution to (3.30), we obtain the force-free condition on the

m=2\/p?+q%, mo=2\/pd+ &, (3.32)

as well as five constraints on the 4-derivative couplings

mass charge relation

cy = i (CQ + 463) , €5 = — (CQ + 403) , =0, cr= —%(02 +403), cg = i(CQ +463) .
(3.33)
Substituting the constraints above to the general 4-derivative action, we find that the result
can be recast into a linear combination of R?, L2, Lep and (VFE,,)(V,F"P) without
the quasi-topological electromagnetism term (TrF?)2 — 2Tr(F*4). We also noticed that the
dyonic black hole solution is not modified by the force-free combination of 4-derivative
obtained above. While it is easy to understand why R?, Lop and (VA F,,)(V,EF"?) do not
affect the solution, it is not obvious that the L2 does not modify the solution neither.
Hence we find that two 4-derivative invariants in D = 4 N = 2 supergravity not only
preserve the supersymmetric MP solution, but also give no corrections to the non-extremal
dyonic black holes. The F-dependent terms in Ly (apart from the (V#E,,)(V,F"?)
term) can be expressed in terms of the energy momentum tensor of the U(1) gauge field
implying its field equations are thus invariant under electromagnetic duality [25]. Therefore
Einstein-Maxwell theory extended by L2 in fact admits dyonically charged multi-centered
extremal black hole solutions obtained via an electromagnetic duality rotation of the purely
electric ones.
In D =4, one can also consider parity odd 4-derivative couplings

ALoga = daRFy F* + ds Ry FHPFY, + dg Ryypo F* FP7
+ A7 Fyy FM FP By 4 dg Fy FYP Fpp FOF (3.34)

where F/w = %e#,,pAFp’\. The parity odd terms have effects only on the dyonic black holes.
Using the probe limit in a 2-dyonic black hole system, we find that the force-free condition
selects the special combination

ds = —4dy, dg=0,  dg=—Adr. (3.35)

- 12 —



Upon using the identity
guVFpAF‘pA - 4Fupﬁup =0 (3.36)

one finds that all the parity odd force-free combinations vanish identically.

33 D=5

In this subsection, we continue our pursuit of force-free higher derivative extensions of
Einstein-Maxwell in D = 5. This time the force-free condition obtained from the probe limit
in the 3-electric black hole system leads to five constraints on the 4-derivative couplings,
which is one more than those derived in D = 4 case. This is understandable since in D = 5,
the Gauss-Bonnet term begins to affect solution and thus its coefficient will be constrained
by the force-free condition. Another difference between D = 4 and D =5 is that at the
2-derivative level, one can add the Chern-Simons term in the action

Los=pucs ANENANF, (3.37)

which has no effects on the purely electric black hole solutions. The analysis is parallel to
those carried out in D = 4.

3.3.1 Probe limit in the 2-black hole system

Analogous to the D = 4, we first consider probe limit of the 2-black hole system in which
one of the black hole is much lighter than the other and is treated as a test particle. To
study the implication of force free condition in D = 5, we first find 4-derivative corrections
to the single static charged black hole solution by solving (3.3) up to first order in ¢;. The
results are given by

dr?

ds® = — f(r)dt* + o) +r2dQ%, A= Aut, (3.38)

where
m ¢ 1 2.4 4

f(r) :1—27712—1—@—}—@(24(464—05—4@;)(] r*—18(2¢c7+c3)q
+¢ (—12(804+C5—266)mT2+3(23C4+4C5—206)q2+8(261—502—2203)7‘4)

1
+3 (48cam?r" +16(—de1 +ca+5es)mg?r? +(47e1 +13e2+17e)g" ) ) +0(c}),

(3.39)
2
m . q
— -4
9 =155+ 4t opm

—3% (—4(20¢4+Tes +10cg)mr?+3(11cs+4es +6c6) g +8(4cr +5ex+ 16¢5)r?)

(— 18(2c7+cs)q* —72(8ca+3c5+4cg)g*r?

1
+3 (48csm®r" +16(10¢1 +11c3+31c5)mg?r? — (65¢1+6Tea +191e3)g" ) ) +O(cF).

V3¢ @ (—%(701 +562+13C3)—(904—1206)+3607+1808) —12cgqmr?
AL

A= 2y/3r8

+0(c?).
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Corresponding to the modified solution above, the mass-charge relation of the extremal
black hole becomes

11 31
mext:2q—404—805—806—4807—2408—6—1—£—ﬁ

3 3 7+ O(c?). (3.40)

7

The action of the test particle is given by (3.21) and the position-independence of the
potential leads to m = 2¢, my = V/3qo and additional constraints on the higher deriva-
tive couplings

1
cy = m(—l?cl + 29¢9 + 97c3 — 120c¢ — 144c7 — T2¢3) ,

1
€5 = 5 (c1 — 16c — 47cs — 12¢5 — 1dder — T2cx). (3.41)

Similar to D = 4 case, constraints from force-free condition is stronger than requiring the
mass-charge relation of an extremal black hole be uncorrected, as a linear combination of
the two constraints above already yields mext = 2g. Thus black holes obeying the force-free
condition are still extremal. Notice that we are considering the probe limit, then these
constraints are the necessary conditions for the existence of the multi-centered black hole.
In the next subsection, we will explore the consequences of force-free condition using the
probe limit in a 3-black hole system.

3.3.2 Probe limit in the 3-black hole system

in order to study the probe limit in the 3-black hole system and its consequences through the
force-free condition, we again need to solve for the coefficients {da(; ), 6b(i ny> 0¢(iny> 0U(in) }
in D = 5. Utilizing the solution associated with Yp(cosf) (given in appendix B), the
force-free condition (3.17) leads to the following constraints

c3=0, cu= é(CQ—Cl), c5=—co, cg=0, 07:m(01+1162—7208) )
(3.42)
The set of constraints above is stronger than the one derived from the probe limit in
the 2-black hole system. Interestingly, when these constraints are satisfied, the effective
energy-momentum tensor A7), and effective electric current AJ, vanish not only on
the 2-centered MP solution but actually on the all the uncorrected multi-centered MP
solutions (2.4). Therefore the MP multi-centered black hole solutions remain exact in the
force-free 4-derivative extensions of Einstein-Maxwell theory. At this stage, there is no need
to consider systems with more extremal black holes.
Plugging (3.42) in (3.2), the force-free 4-derivative couplings can be written explicitly

in the form

1 1
ALforce-free = C1 <R2 - 6RFMVF'LW + mFMVF#VFPUFpg>
uv 1 uv [77°% ni% 11 2\2 11 4
+ co R/LVR + éRF/’“lF — R’uyF F p m(trF ) + %trF
1
— 5 (B P FpF? = 2B, F Fg F7) + cgVPEu V, P (343)
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where ¢ = cg — %02. Among the D = 5 force-free 4-derivative combinations given

above, those with coefficient ¢; and co coincide precisely with the parity even terms in
Ricci scalar squared [26, 27] and Ricci tensor squared [28] supergravity actions upon
eliminating the auxiliary fields. We notice that the supergravity action involving Riemann
tensor squared [26, 29] is absent in the force-free combination. The reason is that the
multi-center black hole solution is %-BPS in the 2-derivative theory and should remain so
when supersymmetric higher derivative interactions are turned on. The curvature squared
supergravity invariants were initially constructed using the off-shell formulation of D =5

supergravity in which the BPS equation for static black holes takes the form [26]

PV =gt = At (3.44)

where p is the scalar field inside an off-shell vector multiplet. To go to on-shell supergravity
models described by g, and A, one has to eliminate p by field equations. Switching on
the Weyl tensor squared supergravity action, the field equations imply that the scalar field
p is no longer a constant but depends on the field strength of A,. Thus the BPS equation
pv/—git = A¢ does not coincide with the force-free condition \/—g# = A;. Whereas for the
Ricci scalar squared and Ricci tensor squared supergravity actions, p = 1 still holds at the
first order in the 4-derivative couplings, thus the BPS equation does imply the force-free
condition. We postpone a detailed discussion on this point to appendix C.

3.3.3 Force-free constraints from magnetic strings

In D = 5, a string can couples to the U(1) gauge field magnetically. Considering the
probe limit in a 2-magnetic string system, we find that the force-free condition leads to 4
constraints, which combined with those from the probe limit of a 2-electric black hole system,
give rise to the same amount of constraints as the probe limit in a 3-black hole system (3.42).
To proceed, we first explain the details of solving for the 4-derivative corrections to a single
magnetic string solution.

It is well-known that the Einstein-Maxwell theory in D = 5 admits a magnetic black
string solution (see [30] for instance). Its generalization to the 4-derivative theory is
straightforward by using the ansatz

dr?

ds? = —f4(r)dt* + f-(r)da’ + s+ r*(d6° + sin® Bdg”),
Foy =dApy, Apy=Agdp = —cos(0)/3rir_do,
M. ~ oL
H) = dB) =*M), B = BwdtAdz, MY =-25 o (3.45)

where H 3) is the hodge dual of M(Q). Substituting the ansatz (3.45) into the field equations
with 4-derivative corrections given in appendix A, we find that the expression of g(r) involves
two logarithmic functions divergent on the horizon

g(r) =g+In(r —ry)/r + g_In(r — r_)/r + regular terms, (3.46)
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where the two constants g+ are given by

1

— = (187%(2 2r_ —3

9+ =
1
+3 (—(3(:1 + 33¢y + 205¢3)r2 vy + 140c3r_12 + 2(cy + 11y + 45¢3)r° — 80@,7&)

+3 ((—304 — 65 + 2¢6)r% 4 — 10c6r_17 + 2(cy + 2¢5 + c6)r — 1007&) ) ,

9— = G+lrior_ (3.47)

in which c is an integration constant. To remove the logarithmic divergences on the outer
horizon, we set g+ = 0, yielding the constraints

7 2
c1 = —1leg — 59c3 — 12 (cg + 2¢5 + 12¢7 + 6¢g) , ¢ = 603, c= —503 ) (3.48)

On these constraints, g also vanishes by virtue of the symmetry between g_ and g..
Imposing (3.48) we obtain the magnetic black string solution with 4-derivative corrections

rr)rr) 1 :
g(r)= 7‘—2—'_9? (—216(207+68)T_T+ (87“ —7(7‘_+T+)T—|—67’_r+)

1
+ 5 (27627‘,7‘+ (—22r2 +19rr_ +19r7r —16r_1r, ) +2c3(6r1 43131 —{—3r3r+))

9
—5T-T+ (404(87"2—77“7“, —Trry —|—67L7“+)—|—C5(1301"2—113(r,+r+)r—|—96r,7“+))
+c3 (—27"2(57"3+821r+r_—1—5?&)+1401r_r+(r_+r+)r—1176r3?”i) ) +0(c?),

2r

+1)r2+5r+7'+67ﬁ)
r——ry

+16¢5r2r_ — 277“3_7", (Tca+38c3+4ca+15¢5+48(2¢7+¢g))
+4rryr_ (27cr+ 14505+ 181+ 6305 +216(2¢7 +05)) ) +O(cF)

QTT_ +1))

r— 1 9
f-(r)y=1- 74_9? (4637“ (2ry +3r(r+_

+5r_cgr®rr_ry (54ca+290c3+18(2c4 +Tes) +432(2c7 +cg))

27
+6es3r2r— ?T%T_i_ (702+3863+4C4+15C5+48(207+c8))> —i—(’)(cf) ,

V3r_ry e3 Ty (22r(r_+ry)—23Tr_r+1?)
+
r 3v/3rd
B \/3(7174)% (9ca+4cs+17c5+96¢7+48¢g)
270

+0(c?). (3.49)

(3

The action of a massive magnetic string takes the form

So = —70 / d*0\/—det (hay) + % / By dat A da (3.50)

where 0%(a = 1, 2) are the world-sheet coordinates on the string and hy, is the induced metric.
To simplify the discussion, we choose the probe string to be parallel to the background
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black string solution, i.e., 0¥ =t, o' = y. Thus the force-free condition for a static probe
string becomes

Vo = 10\/ f4+(r) f-(r) — poBia = const + O(c7) . (3.51)

Substituting the modified solution to (3.51), we obtain the force-free constraints on the
mass charge relation of the background string and the probe string

0 =V3py, TL=1_, (3.52)
as well as two constraints on the higher derivative couplings

1
C3 = 0, Cq4 = 5 (—362 — 705 — 4807 - 2408) . (3.53)

Combining (3.48) and (3.53) we obtain the full set of constraints implied by the probe limit
of 2 magnetic strings

1 1
c3=0, ¢4 = %(—701—502—%72(267—1—68)), cs; = E(Cl—762—72(207—|—68>), cg =0. (354)

Miraculously, combining the constraints obtained above with those (3.41) from the probe
limit of a 2-electric black hole system, we obtain the full set of constraints (3.42) obtained
from the probe limit in a 3-electric black hole system.

4 Conclusions and discussions

In this work, we obtained the 4-derivative extensions of Einstein-Maxwell theory that admit
multi-extremal black hole solutions. We did not follow the brute-force way by first solving
for the 4-derivative corrections to the multi-black hole solutions and imposing certain
smoothness conditions. Instead, we adopted a more physical approach by first considering
the probe limit in a 2-black hole system where one of the black hole was much lighter than
the other and so could be treated as a test particle probing the background source by the
heavier one. Balance between gravity and Coulomb force felt by the test particle leads
to two constraints on the 4-derivative couplings, a combination of which implies that the
extreme mass-charge relation is not modified by the constrained 4-derivative couplings.
Taking into account backreactions from the test particle, we obtain sufficient constraints so
that the resulting theory definitely admit multi-extremal black hole solutions. We verified
that force-free combinations of 4-derivative interactions do not modify the MP solution as
well as the non-extremal RN black holes. However, the force-free 4-derivative do modify
the dyonic black hole solutions whose thermodynamic quantities can be easily computed
using the recent results [31, 32].

Since Einstein-Maxwell theory also admits magnetically charged objects, out of curiosity,
we also studied consequences of force-free condition using the probe limit of 2 magnetic
black holes although this seems to be unrelated to our original pursuit about existence of
multi-electrically charged black holes. To our surprise, the force-free condition imposed on
the magnetic black holes yields 2 constraints which together with the 2 constraints obtained
from the probe limit of 2 electric black holes, leads to the same set of constraints derived
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from the probe limit of the 3-black hole case. Currently, we do not know if there is a deep
reason behind and would like to understand it better in future.

In D = 4, we noticed that the force-free combinations of the 4-derivative couplings
include the GB term, off-shell ungauged N = 2 supersymmetric Weyl tensor squared and
the F* term appearing in quasi-topological electromagnetism. In D = 5, the force-free
combinations recover the parity even terms in two 4-derivative supergravity invariants
and also the quasi-topological F* term. We recall that the Born-Infeld Lagrangian takes
the form [33]

£=—1FuFm + LY - L(tF?)?] + oo (4.1)

which does not correspond to any choice of the coefficients in (3.25). Thus for Born-Infeld
theory to admit multi-extremal black hole solutions, proper curvature couplings allowed
by (3.25) must be added. In our approach, the field equations are solved up to first order
in the 4-derivative couplings ¢; and we required the force-condition be satisfied at the same
order. From the viewpoint of effective field theory, one can perform field redefinition without
affecting the physics. Thus 4-derivative couplings related to the force-free combinations
obtained here by field redefinition also allow for multi-extremal black hole solutions. The
difference resides in the fact that in the redefined theory, the test particle action is no longer
minimally coupled. In fact, applying field redefinitions, we find that in D = 4 the force-free
combinations reduce to Gauss-Bonnet term and the quasi-topological F* term while in
D = 5 the only irreducible structure is the quasi-topological F* term (see appendix D).
Moreover, the field redefinition employed here turns out to be an identity map on the
solution space. Thus a solution in EM theory extended by the quasi-topological F** term is
also a solution of (3.25) and (3.43). For the quasi-topological F'* action, it is straightforward
to show that it does not affect purely electric or magnetic solutions, but it does modify the
dyonically charged solutions [21].

As possible future research directions, we would like to generalize our analysis to other
interesting models admitting multi-extremal black holes or black branes. For instance, in
D = 4, there exists the famous Garfinkle-Strominger-Horowitz multi-centered dilatonic
black hole solutions [34]. In D = 6 the bosonic sector of N = (1,0) supergravity consisting
of (guv, ¢, Bu) admits multi-extremal string solutions [35, 36]. In D = 4, we see that for
Einstein-Maxwell theory, the force-free combinations of the 4-derivative couplings include
the 4-derivative supergravity invariants. In [37], it was noticed that the known 4-derivative
supergravity invariants [38-41] in D = 6 are compatible with the force-free requirement.
The results [42] from the low energy effective theory of heterotic string suggest that when a
scalar field is present, the muti-centered extremal black holes or branes may be modified
by the higher derivative terms and structures like Riemann tensor squared and Riemann
tensor coupled to p-form field strength could appear in the force-free 4-derivative couplings.
It should be interesting to see if the force-free condition leads to just these supergravity
invariants or more structures.
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A Corrections to equations of motion

In this work, we considered the following action

1 1
St = / Pev/=gs 5 (R~ 3 FuF™ + AL), (A1)

4g?
and AL is
AL =1 R? + c3Ryy R + c3Rpyypo RMP°

+ caRF,, FM" + cs Ry FFPEY ) + co Ryypo MY FPC

+ 7 Fu FM Ep FP7 + g F)yy FYPFpg FOF 4 cgVFF, N FPY

+ dyRF F* + ds Ry F*P FY, + dg Ry po " FP°

+ d7Fy F*" FP F oy + dgF FYPF e FOF (A.2)
where F = dA, F = «F. In the field equations given below, the term with coefficient cg

is not included, because V#F},,, always vanishes on the leading order solution. The field

equations are given by
1 1
gMV . R/“/ - §Rg/“, = T‘gZ(TuV + AT,UJ/) 5 (A3)
A,V FR = AJY, (A4)
where T}, = F#F’F,,p — igWFpUFPU. The electric current AJ” =V, M* with M" given
by
OAL
OF
= 4(cs RF*™ — cs RUFYP + cgRMP7 Fpy + 207 F" FP Fpy + 2cs FPPFY7 F,y)
+4dyRFM + d5(RPVE," + RP, Fpre®™)

MH =2

~ 1 -~ ~
+ 2dg (R Fpo + 5 € Rrp F77) + Adg (F* Fpe F*7 + FI" Fpg )

1 ~ ~
+ 2d8(§eW”FpAFMFW + Fpo FHPFY? + 2F 1 FYO R0 ) (A.5)
The effective energy-momentum tensor AT}, is

AT, = 2 0WZIAL) _ ypaip
N
DAL
ORyurpe

= QCle“[ng}v + CQ(R#[PQU]V _ RV[ng]H) + QCgRuupg

. 1 L
viapy — 2VPV Pp(,uu)a - iA[/g;w + §M(/L Fu)a)

pHvPo

+ C4g“[pg"]”FaﬂFo‘5 + 05%(Su[pga}v _ SV[pga]u) + cgFH FPe

~ 1 ~ ~ 1 - _
+ d4gu[/)gﬂ]v FagFO"B + d5§(5u[P90}V _ SV[ng]M) + dﬁi(FW PO 4 FPORHYY
(A.6)
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where SH = FHEF"P, S = F (’ﬁ)ﬁ’ )P In the derivation, we find the following formulae

are useful

aRQB'Y5 1 v o v o
= (5“ 007 6% + ol 557 531) :

R po [a™ 8"y [v70]7 [«
2
OR = 2Rg™ g~ IRapys = 2RgHPgolY
6R,uypa nuvpo
d(RapsR™) 5 ORapys
a — 9RB 47 b0 _ pelegolv _ grlegole
OR 0 T R e 9 g
aByd
a(Ra/B’WSR ) _ 2Ra,8'y<5 6R043’75 — QRMPT (A7)
8RMVPU aRMVﬂO’

B dai0), 0bgio), 0cgi0), dug,o)

In D = 4, up to O(r~?) the nonzero coefficients in the spherical harmonic expansion at
n =0 are
64
Tom]
64777,2
1875m3
4m2
625my

da,0) = —155¢5—620¢341676¢4 4 330c5+728¢6 + 528 (2¢7+¢s) )

+

(2006502 +80260c5 —4(51667cy + 101855 + 2422666 +18276 (207+.s)) )

Saa0) = (116505 +4660c5 — 16588¢5 — 16(240c5 +479¢4+429 (27 +cs) ) )

4

+ % (=5ca—20c34+116¢4430c5+48 (co+2¢7+¢s) ),
—4

5@(370) = 7?1 (1062+4OC3+864+15C5—66+4867+2468>

—4m2
1875

1
6a(4’0) = %m% (8562 +34003 -2 (26664 +3005 + 17366 +9667 +48Cg) )

1
+ %mlmg (60502 +2420c5 —13256¢4 —3330c5 —6443c6 —4968 (2¢7+cs) ) ,

1
(50,(570) = ﬁm:{’ ( —205c2 —820c3+42256¢4 +455¢5+2168¢c+ 768 (207—|—Cg) )

mfmg
40000

16
7 (7940 +B1760c; — 8 (105461 +2055¢5 +4588c5+3288 (27 +cs) ) )
1

48m2

9375m3
256 (11502+46063—122864—6(4005+8906+64(2C7+68)))
125m,

40964
 9375m2
4m2
9375m1

4
+os (4735c2 +2(9470¢;3 — 256464 —5055¢5 —11138¢5—8088 (2¢7 4-¢5) )) ,

+

(895¢2+3580c3 —15544¢4 —3795¢5 —6832¢6 — 6432 (2¢7+¢3) ),

+

(1265¢2+5060c5+142192¢4 +44685¢5+ 13517606 +62976 (2c7+cs) ), (B.1)
60(070) =

+

(16 (—21985¢3+47523¢4+9265¢5 +28094¢6+23044 (2¢7+¢s) ) — 8794002) ,

5C(170) =

(76002 -+ 30405 — 6772¢4 —1335¢5 — 4(979¢5+804 (2e7 +¢5)) ),

dc(2,0) = (—190955¢5 — 763820c3 +1790276¢4 +358680c5 +994628¢6 + 816528 (2¢74-¢3) )
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4
dc(3,0) = %ml (20c2+80c3 —224c4 —45¢5 —97c6 — T2 (2¢7+c3) )

12
+ 6252 (—395¢2 —1580c¢3+3944 ¢4+ 795¢5+2032¢6 +1632 (2¢7+¢s) ),

(02 +4c348c4+3cs —|—466) (m1 —|—2m2) s

2

320

mq
w0 =g

dc(5,0) = L (9¢y4-36¢3480c4 +29¢5+40¢6) (my +3ms) | (B.2)

4
(1,0 = 3, (26¢3+104¢5 4 (T4es 1505 +8(4cg +6e7+3cs) ) )

16
15m§ (—145¢2 —580c3+1552¢4 +315¢54 736¢6 +576 (2c74cs) )

2330c2 +9320c3 —33176¢4 —32(240¢5 +479¢6 +429 (2¢7+c5) ) )

mo
02,0 = Ga5m (

1
+25( 10c2 —40¢3+232¢4+60c5 496 (c6+2c74cs) )

1
du(s,0) = 150 (—=55c9—220c3+316¢4+30c5 +148c6+96¢7+48cg) myq
42
1875
dU(s,0) = 3000( 50(— 5003+98C4+1505+59c6+4867+2408)m1—1—502(125m1+37m2))

(—230c2 —920¢3+10556¢4 +2955¢5 +3968¢6 44368 (2c7+¢cs) )

1
— g mme (—185¢3+1283¢s+315¢5+749¢6+324 (2¢7+cs) )
3

ms
3200
ml
80000
where 0b(; o) = dc;0) and du (g o) can’t be determined from EOM due to the U(1) gauge
symmetry. In D = 5, up to O(r~'®) the nonzero coefficients in the spherical harmonic

(521,(570) ( 245¢c9 —980c3+2192¢4 +415¢5+2056¢6+ 896 (207+Cg) )

(539502 +21580c3 —84544¢4 —21045¢5 —109832¢6 — 42432 (2¢7+-c3) ), (B.3)

expansion at n = 0 are

Ja 0,0y = 20¢(0,0)+ (1753¢1 +18092¢+56207c3+41196¢4 +81201c5)

288
245my

———(—180945¢1 410751462+ 3453529¢3 —30348¢4 +3004845¢5)

245m,
(679166+5113(267+Cg)) ,

_|_

00(2.0) = 5350

1
+ 5330 (16369032¢6 +12663864(2¢7+cg) +5145m; 56(0,0))

. 3m2
245m

ma
49Om1

3
23?220 (1019108¢,4+768501¢;5 +4902504c6 4 3585240(2c7 +c5))

(39170c¢3+30600c¢4 +55261¢5+327536¢6 +245424(2¢7 +cg))

(10148¢+75994¢ +245m16¢(0,0))

0a(4,0) =
(36016901 + 1527149 +338543c3—2205m 8¢, 0))

23520
(—238393¢1 +759214c9+2481697c3 — 854124 ¢4+ 1673289¢5)

23520

23520 (887508066+6914808(2C7+Cg)+2205m1(50(0 0)) ,
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3 2
5a(&0)::94%20(52433163——50045204%—20894905%—113583206%—902952(267%—08»

_l’_

o050~ 735midc(0,0) — 287849mic1 +463220mico)

mima

6720
B mims

6720

(48317¢; —16544c2 —71445¢3+336540c4 +125049¢5)

(778584c6+559656 (2¢7+c5) —315m1dc(g )

3m3
376320
3

my
+ 376330 (3675madc(,0)+297953¢1 — 132284, —539257c3 )

9m3ma
376320
3m3ms
376320

da(g,0) = (594628¢4+52667¢5+73960c6 — 15336 (2¢7+cs) )

+ (674644c4+169951¢5+738440¢6 +475512 (2¢7+cs) )

+ (3175091 —45412¢, ~273661c5— 1225m16¢ (0 0) ) »

—3mf
1505280
__m

1505280
__207n?7n2
1505280
_»207n§n@2
1505280

mi

6021120
5

my
+ 6021120 (331 1352¢+1017288 (267+Cg) +9555m 5C(0’0))

3mims
6021120
m‘llmg

6021120

da(10,0) = (4770764 +240805¢5 4 772936¢6 +381432 (2¢7 +c3) )

(6615m18¢(0,9) +222645¢1 + 3090545+ 8850913 )
(44307¢; +42276¢2 4 115685¢3+248100¢4)

(51099¢5 —24(4889¢5+ 8871 (2¢7-+¢s) ) ) |

da(i2,0) = (1361c1+956638c2+3042855¢3+92940c4 + 1127547 ¢5)

(—758540c4 —42531c5— 61782966 — 7139784 (2¢7+c3) )

(11289675¢3+6615m18c(q g) — 817791 +3524078¢; ) ,

6
3mj

24084480
6

1
24084430
6mims
24084480
6m3ms
24084430

da(a,0) = (886740c4 —485239¢5 — 12507446 +60024 (2¢7 +cg) )
(124951 8 ) +440869¢; — 1926598, — 63539655 )
+ (473163¢1 —1535826¢9 —5137795¢3+3528900c4 +317181c¢5)

+ (6985896¢6-+8279064 (2¢7+c5) —2695m10¢(0.0) ) -
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3m]
96337920
7

mq
* 96337920 (1131542103+15435m15c<o,o>f1193365cl+335529402)

m?mg

96337920

m?mg

96337920

mi

1156055040
mi

1156055040
mng

289013760

48m]
% (86549244 +535631c5+6232600c +8843592 (2c7+cs) ), (B.4)

da(i6,0) = (—2445204c4+603695¢5 4 1440056¢6 — 701688 (2¢7+cs) )

+ (—8673535¢1 +19839802¢2 +67864023¢3 — 595274764 — 3806265¢5 )

+ (—69392136¢5 — 89835192 (2¢7 +¢5) +28665m13¢(0.0))

da(i,0) = (7742746¢1 — 15485383 ¢ — 53485954 ¢34+ 47565048¢4 ) — 20¢(13,0)

+ (—5525493¢5 — 15368880c6 + 13302864 (2¢7+c5) —55125m, dc(o,0)

(1583591601 —27095528c9 —94922924¢3 —33075my 6c(070)>

11760
o2
10m1

1
. Lo —1943562¢, — 61514
+ {7 (9680161 —1043562¢, — 6151465¢5)

5c(a0) = (6490204 +2300831.c5+13279576¢4+ 10111464 (27 +¢5) +2695m1 ¢ ) )

(3201 +37co+104c3+192¢4+69cs —1—9666)

—3ms
47040
+ 2
47040
- 3m1
47040
47040

dc(4,0) = (381484¢4+1846101¢5+10579320¢6 +8124552 (2¢7+cg) )

(—11025m10¢(g,0)+147781¢1 — 16238082~ 5166109c5 )

(621532¢442197953¢5+12572760c6 +9597096 (2¢7+cg) )

(1 1025m; 50(0’0) —89113c¢1 +1884424¢5+ 596289763) ,
1
5C(6,0) = ﬂ (401 —|—502+1403+24C4+905+1206) mq (m1 +277’L2) ,

1
dcs0)= "33 (32¢1 +37co+104c34+192¢4 +69¢5+96¢6) m3 (my+3ms) |

~ mi (my+4my)

(5(3(1()70) - W (24104+8605+122C@‘+12C7+6Cg)
3
my (m1+4ms)
— 27 (481 539 1519
15360 Li8lert539ca+1519¢s),

mi (my+5ms)
24576

3mf (mq+5ma)
B 1024

8c(12,0) = (257¢1 42835+ T99¢3+ 15484 +552¢5)

(1166+207+68) ,
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m‘rl’ (my+6my)
14336
m3 (m1+6ms)

172032

(5(3(1470) = (28304+101C5+14606+3667+1868)

(563¢1 +613co+1733c¢3) ,

m? (mq+7Tmy)
65536

m§ (m1+7ms)
786432

(38964 +139¢5+4202¢6+60c7 + 3008)

(773¢1+835¢y+2363c3) (B.5)

1Om1

(3201 +37co+104c3+192¢4+69¢s +9606)

— 770 —39353¢142259494c, 4 T123297¢3+ 27708364 +8234049¢5)

1
11760 (47332680c¢6+36083448 (2¢7+¢c5) + 13965m150(070)) ,

3
15220(8098663*‘6864804*‘11096305*—624496c6%—479088(2074_08))

+ 3WL2

11760
1

— T7rgg (— 735mide 0,0~ 14362¢1 (m1 +ma2) —78983ca (1 +ma))

(5U(4’0) =

(80986¢3+68648¢4+110963¢5+624496¢6+ 479088 (2¢7+-¢s) )

2
mi

31360

_ mimg

15680
mi

15680

du(e0) = (10856¢1 +42799c2+130544¢3+123552¢4 +170487¢5 4926944 ¢4 )

(9103¢1 +24707co+74337c3+82356¢4 +89286¢5 +437992¢¢)

((350496m1 +332856m3) (2c7+cs) +245midco o)

du(g ) = (9593¢1 +27157c2+81687c3+88236¢4+98106¢5+512472¢¢)

mi

188160
m%mQ

128

(— 736272 (2¢7+cs) —T35madeo,0))

+ (32¢14+37co2+104c3+192¢4+69¢5+96¢6)

4
3my

1505280
3

_4412L4,<
1505280
m‘z’mQ

150528

49m3

1003520

4
my

1003520

m%mg

1003520

5’&(1070) = (12742404 +113669c¢5+565088cg+ 374784 (267 +Cg) +490m 5C(070))

nll(48096014—105519024—31282403)——240rn2(841706%—8871(207—%08)))

(16083c1 +9642c2+23957¢3+78756¢4 —9759c¢5)

du(12,0) = (217¢1+428c2+1263c3+1644c4+1329¢5+6328¢)

(877“L2 (5068166 +58383 (2¢7+cg) ) —49m, (4104 (2¢7+c3) +5m15c(070)))

_l’_

(46153c¢1 +32492c2+84607c3+237996¢4+801c¢5) |
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6

S04 = ~ 1505632
_omi

4816896

_ 3mima

7168
7

5 mq
1060 = 3028160
7
my
+ I5teaggg (607961 +1817T4er +735m18¢(0,))
2m$ma
48168960
2m$ma

48168960

————(45428¢4+38379¢5+ 1793366 + 124728 (2¢7 +c5) +98m; dc(o, 0))

(mq (17517¢1 +35256¢2+104731c3) +ma168 (563¢1 +613c2+1733) )

(28304 +101c5+146¢c4+36¢7+ 1868) ,

(65934c3+83512¢4 +77527¢5+360784¢6+272592 (2¢7+¢3) )

(3175896¢6+2411208 (2¢7+cs) )
(197009¢; +298381c5 +878751c5+ 13829884 +897258¢5) | (B.6)

where 0b(; g) = dc(; 0)- Although dc(g gy, du(y ) cannot be determined by EOM at O(r=18),
the force-free condition requires dc(g ) = du(g,0) = 0.

C Weyl tensor squared action in D = 5 supergravity

In the section, we show that the scalar field p that appears in D = 5, N = 2 supergravity
cannot be set to constant by field equations. We begin our discussions with the 2-derivative
action in D =5, N = 2 supergravity. After eliminating several auxiliary fields, one ends up
with the action below [26][eq. 8.3]

1
=35
+ p@“p@up——12p F,T" + & WWUAAMELPF}A, (C.1)

where comparing to [26][eq. 8.3], we have set I = J = K = 1, C111 = 1 to focus on the
minimal case. The field equations of D, T,; and p imply

p=1, D=0, Ty =3F,. (C.2)

Substituting the solutions above back to action above, we obtain the action of minimal
supergravity in D =5

e Loy = iR — 3F, F" + P A, F,,F,y . (C.3)

To recover the familar form, one needs to rescale F;, — %Fab. The relevant terms in Weyl

squared action are
e Lwveys = (2pCun CH + SpD? 4 14T, TH D — RDT,, F* 4. ) | (C4)

where we have ignored terms that are independent of the field D. Now we consider the
model Loy + a1Lwey1 Where a1 is a small coefficient. The D-equation then implies

0=4(p>— 1)+ a1 (}8pD + 2T, T — 2T, ). (C.5)
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Up to first order in «q, one finds
p=1+%FQFOm, (C.6)

for any O-th order solution of F},, .
On the other hand, the relevant terms in the Ricci scalar squared action are [26]

¢ Lo = p (&R~ 3DR+ 16D — 2RT, T + SLDT,, T + SH(T,, TH)? + -+ )
(C.7)
whose correction to D-equation is proportional to R — %FWF ¥ which vanishes on the
leading order field equations. Thus inclusion of the Ricci scalar squared invariant will not
affect the value of p. Also upon substituting (C.2) into Lz2 and performing the rescaling
F — %Fab, we recover the first combination satisfying the force-free condition in five
dimensions. The analysis for the Ricci tensor squared invariant [28] is very similar and will
not be repeated here.
Further evidence can be seen from the explicit multicenter solution given in [42].
Focusing on the D = 5 case, the solution is of the form

ds% = —(Z42-20)23dt? + (24 Z-Zp) 3 da™da™
AW =z5tat, AP =ztat,  A® =z7lat,
e 2= 71277 p=gz7P77M 2 (C.8)

where we have set the unnecessary constants ¢, = 0 and ko, = 1 for simplicity and dualized
the 2-form By, to the 1-form Al as already suggested in [42]. [42] noticed that when the
particular supersymmetric 4-derivative interactions involving Riemann tensor squared are
turned on, the ansatz above remains the same, only the Z-functions receive corrections.
The ansatz above implies 3 force-free or BPS equations

6_4/3(1,\/_79“:14?)’ 62/3¢k‘1@:A§2), 62/3%\/%:14%3). (C.9)

In the 2-derivative theory, the field equations allow the solution with 7, = Z_ = Zj. In
this case, we see that the scalar fields indeed become constant and the force-free condition
is simply /—gu# = A;. However, when 4-derivatives interactions are switched on, the filed
equations no longer allow us to set the scalar fields to constant values. Even if we choose
Z, =7Z_ = Zy= ZO at the 2-derivative level, the 4-derivative interactions modify the
solution to [42],

/ 0y 7(0)
_ g0 _ > 2 _ OmZ70nZ7
Z,=2 S0Z+0("),  §7="""0n
Zo =20 4 %52 +OW?), 7Z_=2709 1002,
_ 1, 307
e 2¢ = (Z+Zf)ZZO 1 = <1 — 04/42(0)> + O(O/Z) s
ey ) 0Z 2
k—(Z_)2—<1—a42(0)>+O(04 ). (C.10)
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Now, in our notation,
H=(Z,2_74)% = 720 + 0(a?), (C.11)

which means the metric in MP solution in the D = 5 supergravity is uncorrected up to
first order in o’. However, the scalar fields e 2, k are not constant and will play important
roles in the force-free condition.

D Irreducible force-free combination from field redefinitions

In D = 4, after performing the field redefinition,

G = Guv + 09, Ay — A+ 6A,,
dgu = (c2 +4c3) Ry — %(201 +co +2¢3) g R
— L(ca +4e3)FpFP + L(ca + 4e3) g F*P Fog,
= (c2 +4cs) (R — 390 R = 3T) = (e1 = e3)gu R,
0A, = —cgVHFy,, , (D.1)
the 4-derivative Lagrangian (3.25) becomes
AL = esLap + §(ca + e — deg) [(trF?)? = 2tr(FY)] (D.2)

where Lap denotes the standard Gauss-Bonnet term which is topological. The quartic F
term corresponds to the combination of the quasi-topological electromagnetism. In D = 4,
we recall that

(%F F")? = dtr(F*) — 2(tr F?)? (D.3)
whose contributions to the field equations automatically vanishes for all purely electric or
magnetic solutions. Since GB term does not affect the field equations, it is clear that the
multi-centered static charged black holes in the 2-derivative theory remains exact solutions
when the 4-derivative interactions take the form in (D.2). Moreover, it can be checked that
dguw = 0, 0A, = 0 after substituting the leading order EOM, which means the solution is
not modified by the field redefinitions above. Thus it is evident that up to first order in ¢;,
the multi-centered electric black hole solution remains uncorrected up to first order in ¢; in
Einstein-Maxwell theory extended by (3.25).

In D =5, after performing the field redefinition,

G = Guv + 09, Ay — Ay + 04,
09w = 2Ry — %(261 + )9 R
— %CQFMPFVP + %(cl + 202)gw,Fa6Fa/3,

3
0Ay = co(= V" Fuus + S 1ose”™ ", Fo Fr) (D.4)
the 4-derivative Lagrangian (3.43) becomes
AL = Y(ep — 4eg) [(trF?)? — 24x(FY)] . (D.5)

Similar to D = 4, the F* above does not affect purely electric or magnetic solutions. Also,
dguv = 0, 0A, = 0 when the leading order field equations are satisfied.
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