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Chapter

1

Goroutines: A Hundred Thousand Threads and a Trapdoor


A goroutine is a function running concurrently with the rest of your program. You start one by writing go in front of a function call, and that is nearly the whole of the syntax. The call returns immediately, the function runs somewhere else, and your code carries on. Concurrency in Go is not a library you import or a thread pool you configure; it is a keyword.

What makes this more than a syntactic nicety is the cost. A goroutine is not an operating-system thread. It starts with a stack of about two kilobytes that grows and shrinks on demand, and the Go runtime multiplexes many of them onto a small number of real OS threads. So goroutines are cheap enough that you launch them by the thousand without a second thought, and the design of Go’s standard library assumes you will. This chapter is about what that buys you, how the machinery works, and the one sharp edge that catches everyone exactly once.

The go keyword

Here is a goroutine:

package main

import "fmt"

func main() {
	go fmt.Println("hello from a goroutine")
	fmt.Println("main is done")
}

go fmt.Println(...) schedules that call to run concurrently and returns right away. main moves on to its own Println without waiting. Two functions are now eligible to run at the same time, and the runtime decides how to interleave them.

Run this and something unsettling happens:

main is done

The greeting is gone. Run it again and you might, occasionally, see it:

main is done
hello from a goroutine

I ran this program eight times. Seven times it printed only main is done; once it printed the greeting too, after main’s own line. That is not a bug in the program. It is the single most important fact about goroutines, and it deserves its own heading.

The trapdoor: when main returns, everything stops

When the main function returns, the program exits immediately, and every goroutine still running is killed on the spot. No wind-down, no chance to finish, no error. The main goroutine is special: its return is the program’s return.

In the program above, main launches the greeter and then reaches its closing brace almost instantly. The scheduled goroutine has barely been handed to the runtime before the whole process exits out from under it. The one run that printed the greeting is the case where the scheduler happened to give it a slice of time before main finished. The rest of the time the trapdoor opened first.

This is the newcomer surprise. You launch background work, the program ends, and the work silently never happened. There was no crash to point at. The fix is not to hope the scheduler is kind; it is to make main actually wait until the work is done.

Why time.Sleep is the wrong fix

The tempting first patch is to give the goroutine a moment:

package main

import (
	"fmt"
	"time"
)

func main() {
	go fmt.Println("hello from a goroutine")
	time.Sleep(10 * time.Millisecond)
	fmt.Println("main is done")
}

This works, in the sense that it now prints the greeting on every run:

hello from a goroutine
main is done

Five runs, five greetings. So why call it wrong? Because it is a guess dressed as a solution. You have no idea how long the goroutine will take; ten milliseconds is a number you made up. Make the work slower than your guess and the greeting vanishes again. Make the sleep longer to be safe and you have inserted a fixed delay into every run for no reason. Sleeping to synchronize is a race condition with a comfortable margin, and margins get eaten. You are not waiting for the work; you are waiting for a duration and hoping the work fits inside it.

The right answer is to wait for the actual event: the goroutine signalling that it is finished. Go gives you two proper tools for that. A channel, which the goroutine sends on when it is done and main receives from, is the next chapter. A sync.WaitGroup, a counter that main blocks on until every goroutine has marked itself complete, comes a few chapters later. Both replace “wait roughly this long” with “wait until exactly this happened.” Hold that thought; the rest of this series is largely about doing synchronization honestly.

They really are cheap

The claim that goroutines are cheap is easy to state and easy to doubt, so let us make a hundred thousand of them stand up at once and count.

package main

import (
	"fmt"
	"runtime"
	"sync"
)

func main() {
	fmt.Println("goroutines at start:", runtime.NumGoroutine())

	release := make(chan struct{})
	var running, done sync.WaitGroup

	const n = 100_000
	running.Add(n)
	done.Add(n)
	for i := 0; i < n; i++ {
		go func() {
			running.Done()
			<-release // block here, staying alive
			done.Done()
		}()
	}

	running.Wait() // every goroutine has reached the block
	fmt.Println("goroutines alive at once:", runtime.NumGoroutine())

	close(release) // let them all finish
	done.Wait()
	fmt.Println("goroutines after they finish:", runtime.NumGoroutine())
}

Each goroutine parks on <-release and waits, so all hundred thousand are alive simultaneously when we count. The output:

goroutines at start: 1
goroutines alive at once: 100001
goroutines after they finish: 1

A hundred thousand and one, the extra being main itself. This ran in a fraction of a second on a laptop and used a few hundred megabytes. Try that with a hundred thousand OS threads and your machine will fall over long before it succeeds; a thread is a megabyte or more of stack and a kernel-scheduled entity. The runtime.NumGoroutine() calls are the built-in headcount, and they confirm the shape of the whole exercise: one goroutine before, a hundred thousand and one at the peak, back to one after they drain. Concurrency at this scale is a normal thing to do in Go, not a stunt.

What multiplexes onto what

Your goroutines do not each get an OS thread. The runtime keeps a pool of threads and schedules goroutines onto them, parking a goroutine that blocks (on a channel, a lock, or I/O) and running another in its place on the same thread. The knob that controls how many goroutines run truly in parallel is GOMAXPROCS: the maximum number of OS threads executing Go code at the same instant. By default it matches the number of CPUs the process can see.

package main

import (
	"fmt"
	"runtime"
)

func main() {
	fmt.Println("NumCPU:", runtime.NumCPU())
	fmt.Println("GOMAXPROCS:", runtime.GOMAXPROCS(0))
}

On the machine I ran this:

NumCPU: 16
GOMAXPROCS: 16

runtime.GOMAXPROCS(0) reads the current value without changing it; pass a positive number to set it. Part of what makes the multiplexing so effective is how the runtime handles blocking. When a goroutine blocks on a channel, a lock, or network I/O, the runtime parks it and runs a different goroutine on that same thread, so a blocked goroutine costs you nothing but its own small stack. This is why a server can hold a hundred thousand goroutines each waiting on a slow connection without needing a hundred thousand threads: the waiting ones are parked, and only the handful doing actual work occupy threads at any moment. The distinction worth internalizing is concurrency versus parallelism. You can have a hundred thousand goroutines concurrently (all in flight, interleaved) while only sixteen of them run in parallel at any given nanosecond, because there are sixteen threads to run them on. Goroutines are about structure, how you decompose a program into independent activities. GOMAXPROCS is about how many of those activities the hardware executes at once. You rarely need to touch it; the default is right almost always, and reaching for it is a late-stage tuning decision, not a starting move.

A panic in a goroutine takes down everything

There is a second sharp edge, and it cuts deeper than the trapdoor. An unrecovered panic in any goroutine crashes the whole process, not just the goroutine that panicked. There is no isolation between goroutines here: one of ten thousand background workers hitting an unhandled panic brings down all ten thousand and main with them. A goroutine is not a little sandbox that can fail on its own.

The tempting assumption is that a recover up in main can act as a safety net for the goroutines it launches. It cannot. recover only catches a panic unwinding through its own goroutine’s deferred calls; a panic in another goroutine is on a different stack entirely and never passes through main’s defers. Here is that mistake in full:

package main

import (
	"fmt"
	"time"
)

func main() {
	defer func() {
		if r := recover(); r != nil {
			fmt.Println("main recovered:", r) // this never runs
		}
	}()

	go func() {
		panic("boom from a goroutine")
	}()

	time.Sleep(100 * time.Millisecond)
	fmt.Println("main finished normally") // never reached
}

main sets up a defer/recover that looks like it should catch anything, launches a goroutine that panics, and waits. The output:

panic: boom from a goroutine

goroutine 19 [running]:
main.main.func2()
	.../main.go:16 +0x25
created by main.main in goroutine 1
	.../main.go:15 +0x3b
exit status 2

The process dies with exit status 2, and it does so on every run. Neither main recovered: nor main finished normally ever prints. The recover in main did nothing, because the panic was never on main’s stack to catch. The runtime printed the panicking goroutine’s trace and killed the program.

The fix is to put the defer/recover inside the goroutine that might panic, so the recovery runs on the same stack the panic unwinds through:

package main

import (
	"fmt"
	"sync"
)

func main() {
	var wg sync.WaitGroup
	wg.Add(1)
	go func() {
		defer wg.Done()
		defer func() {
			if r := recover(); r != nil {
				fmt.Println("goroutine recovered:", r)
			}
		}()
		panic("boom from a goroutine")
	}()

	wg.Wait()
	fmt.Println("main finished normally")
}

goroutine recovered: boom from a goroutine
main finished normally

Now the panic unwinds through the goroutine’s own deferred call, recover catches it there, the goroutine returns cleanly, and the process exits 0. The rule to carry: every goroutine is responsible for its own panics. If you launch a goroutine that runs code which could panic and you don’t want that to be fatal, the recovery has to live inside that goroutine, not somewhere up the call tree that launched it.

Final thoughts

A goroutine is a concurrently-running function, started with the go keyword, cheap enough to launch by the tens of thousands because the runtime multiplexes it onto a small pool of OS threads rather than giving it one of its own. The load-bearing rule, the one that will bite you if nothing else here does, is that main returning ends the program and kills every goroutine still in flight. time.Sleep papers over that with a guess and should never be your synchronization; you want to wait for the event, not the clock. The tools that do it properly are channels and WaitGroup, and the next chapter starts with the first of them, which turns out to be a synchronization primitive as much as a data conduit.
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Channels: The Unbuffered Handshake


The previous chapter ended on a problem: main returns before a goroutine finishes, and the work is lost. The fix is to wait for the event rather than the clock, and the primary tool for that is the channel. A channel is a typed conduit you send values into and receive values out of. That much you could guess from the name. The part that matters, the part that makes channels the backbone of Go concurrency, is that a channel is also a synchronization point. Passing a value through one makes two goroutines meet at the same instant. Communication and coordination are the same operation.

You make one with make, giving the element type:

ch := make(chan int) // a channel of ints
ch <- 42             // send: the arrow points into the channel
x := <-ch            // receive: the arrow points out of it

The <- operator does both jobs, and which one is clear from where the channel sits relative to the arrow. This chapter is about the unbuffered channel, the kind you get from make(chan int) with no size. Its defining behavior is the handshake, and understanding it is the whole game.

The handshake: send blocks until receive

An unbuffered channel has no room to hold a value. So a send cannot simply drop a value in and move on; there is nowhere to drop it. An unbuffered send blocks until some other goroutine is ready to receive, and a receive blocks until some other goroutine is ready to send. The value passes from one to the other in a single synchronized step, and both goroutines proceed from that point. Neither runs ahead of the other. That is the handshake.

The immediate consequence is that a channel operation needs a partner, and the partner must be a different goroutine. Here are two goroutines shaking hands correctly:

package main

import "fmt"

func main() {
	ch := make(chan string)
	done := make(chan struct{})

	go func() {
		fmt.Println("sender:   about to send")
		ch <- "ping" // blocks here until main is ready to receive
		fmt.Println("sender:   send returned")
		close(done)
	}()

	msg := <-ch // blocks here until the sender is ready to send
	fmt.Println("receiver: got", msg)
	<-done // wait for the sender's final line
}

Output, stable across every run I tried:

sender:   about to send
sender:   send returned
receiver: got ping

Trace the blocking. The goroutine prints its first line and then blocks on ch <- "ping", because nobody is receiving yet. main reaches <-ch and blocks too, because nobody has sent yet. Now both sides are ready, the handshake completes, and the value moves across. From that instant both goroutines are runnable again. Which of the two following lines prints first is the scheduler’s call; in my runs the sender consistently printed send returned before main printed its line, but you should not lean on that ordering. The done channel at the end is a second, smaller handshake whose only purpose is to keep main alive until the sender has printed. Notice we never used time.Sleep. We waited for the event.

That empty-struct channel, chan struct{}, is the idiomatic “signal, no data” channel. struct{} occupies zero bytes, so the channel carries pure timing and nothing else. You will see it constantly for done-signals and quit-signals.

When there is no possible receiver: deadlock

So a send needs a receiver. What if there cannot be one? Consider a send with no other goroutine in the program:

package main

import "fmt"

func main() {
	ch := make(chan int)
	ch <- 1 // no other goroutine can ever receive
	fmt.Println("this line is never reached")
}

main blocks on the send, waiting for a receiver. But main is the only goroutine, and it is stuck on this very line, so no receiver can ever appear. The runtime detects that every goroutine is blocked with no way forward and aborts the program:

fatal error: all goroutines are asleep - deadlock!

goroutine 1 [chan send]:
main.main()
	/.../c2-02-deadlock/main.go:7 +0x28

Read that message carefully, because you will meet it often. It is a fatal error, not a panic. That distinction is real and has teeth: a panic can be caught with recover (as the errors chapter covered), but a fatal error cannot. There is no recovering from a deadlock; the runtime has proven that the program can make no further progress and pulls the plug. The process exits with status code 2, which I confirmed by building the binary and running it directly rather than through go run (which wraps the child’s exit code in its own reporting). The [chan send] annotation tells you the stuck goroutine was blocked on a send, and the stack trace points at the exact line. When you see this error, the question to ask is always the same: who was supposed to be on the other end, and why weren’t they?

The deadlock detector is a gift, but do not over-trust it. It fires only when all goroutines are asleep. A program where one goroutine is wedged forever while others keep running is also broken, and that one the runtime will not catch for you. We return to those leaks later in the series.

Direction types: channels that only send or only receive

A plain chan int can both send and receive. But when you pass a channel to a function, you usually want that function to do only one of the two. Go lets you say so in the type. chan<- int is a send-only channel and <-chan int is a receive-only channel; the arrow points the way the values are allowed to flow.

package main

import "fmt"

// produce may only send on out (chan<- int).
func produce(out chan<- int, n int) {
	for i := 1; i <= n; i++ {
		out <- i
	}
	close(out)
}

// sum may only receive from in (<-chan int).
func sum(in <-chan int, result chan<- int) {
	total := 0
	for v := range in {
		total += v
	}
	result <- total
}

func main() {
	nums := make(chan int)
	result := make(chan int)
	go produce(nums, 5)
	go sum(nums, result)
	fmt.Println("sum 1..5 =", <-result)
}

sum 1..5 = 15

main makes ordinary bidirectional channels and hands them to the two functions, which each get a restricted view. Go converts a bidirectional channel to a directional one automatically at the call, so the caller writes no ceremony; the function signature is where the direction is declared. This is not just documentation. The compiler enforces it. If produce tried to receive on its send-only channel, the build fails:

invalid operation: cannot receive from send-only channel chan<- int

Use direction types in every signature that takes a channel. They turn “this function is a producer” from a comment into a fact the compiler checks, and they make a whole pipeline readable at a glance: you can see which end of each channel a stage owns without reading its body.

The nil channel blocks forever

One last sharp edge, because it looks like nothing and behaves like a wall. A channel variable that was never initialized with make is nil, and operations on a nil channel block forever — send and receive alike, with no partner able to ever unblock them.

package main

import "fmt"

func main() {
	var ch chan int // nil: never made with make
	fmt.Println("about to receive on a nil channel...")
	<-ch // blocks forever; no goroutine can ever send
	fmt.Println("unreachable")
}

about to receive on a nil channel...
fatal error: all goroutines are asleep - deadlock!

goroutine 1 [chan receive (nil chan)]:
main.main()
	/.../c2-02-nil/main.go:8 +0x53

Because this is the only goroutine and it blocks permanently, the deadlock detector catches it, and the stack helpfully labels the cause (nil chan). In a larger program with other goroutines running, a stray nil channel does not trip the detector; it just quietly parks one goroutine forever, which is a much harder bug to find. The usual cause is a channel field or variable you forgot to make. It is worth knowing this looks like a hang, not a crash. And it is not purely a footgun: blocking-forever on nil turns out to be a genuinely useful trick in a select statement, where you disable a case by setting its channel to nil, but that is a tool for a later chapter.

Final thoughts

An unbuffered channel is a conduit and a synchronization point in one: a send blocks until a receiver is ready, a receive blocks until a sender is ready, and the value crosses in a single step that rendezvouses two goroutines. A send that can never be received produces fatal error: all goroutines are asleep - deadlock!, an unrecoverable exit with status 2, not a catchable panic. Declare channel direction in your function signatures so the compiler enforces who produces and who consumes, and remember that a nil channel blocks forever, which is a bug when accidental and a feature when deliberate. Next we give the channel some room to hold values, which changes the timing, and we learn how to signal that no more values are coming.
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Buffered Channels, Closing, and the Rules of the Drain


The unbuffered channel from the last chapter forces a rendezvous: send and receive meet at the same instant, and neither side runs ahead. Sometimes that lockstep is exactly what you want. Often it is too strict. If a producer generates a burst of values and the consumer is momentarily busy, you would like the producer to keep working rather than block on every single item. A buffered channel gives the channel room to hold values, which loosens the coupling between the two sides. This chapter covers buffering, then the other half of a channel’s life: closing it to signal that no more values are coming, and the several rules and panics that surround doing so correctly.

A buffer decouples sender from receiver

You add a buffer by giving make a capacity:

ch := make(chan int, 2) // holds up to 2 values before a send blocks

The rule changes in a precise way. A send on a buffered channel blocks only when the buffer is full; a receive blocks only when the buffer is empty. Between those extremes, sender and receiver operate independently. A send drops its value into the buffer and returns immediately as long as there is room, so the producer can get ahead of the consumer by up to the buffer’s capacity.

package main

import "fmt"

func main() {
	ch := make(chan int, 2) // capacity 2
	fmt.Printf("len=%d cap=%d\n", len(ch), cap(ch))

	ch <- 10 // does not block: buffer has room
	ch <- 20 // does not block: buffer now full
	fmt.Printf("after two sends: len=%d cap=%d\n", len(ch), cap(ch))
	// a third send here (ch <- 30) WOULD block: buffer is full.

	fmt.Println("received", <-ch)
	fmt.Println("received", <-ch)
	fmt.Printf("after draining: len=%d cap=%d\n", len(ch), cap(ch))
}

len=0 cap=2
after two sends: len=2 cap=2
received 10
received 20
after draining: len=0 cap=2

Two sends complete with no receiver in sight, something an unbuffered channel could never allow. cap(ch) is the fixed capacity, and len(ch) is how many values are currently sitting in the buffer, so len climbs to 2 as we fill and falls back to 0 as we drain. A third send, with the buffer full and nobody receiving, would block exactly the way an unbuffered send does. And notice the ordering: 10 comes out before 20. A channel is a FIFO queue, first in, first out.

A word of caution, because buffering is easy to over-apply. A buffer is not a performance setting you sprinkle on to make things faster, and picking a size to “avoid blocking” is usually a sign you have not thought about backpressure. Blocking is often the point: it is how a fast producer is told to slow down and match a slow consumer. Reach for a buffer when you have a concrete reason (a known burst size, decoupling a producer from a consumer with predictable timing), not as a reflex. The default choice is unbuffered.

close: signalling that no more values are coming

Sending values is half the story. The other half is telling the receiver when the stream is over. That is what close does:

close(ch)

Closing a channel is a broadcast: it announces that no more values will ever be sent. It does not throw away buffered values, and it does not stop receivers from draining what is already there. It changes what happens after the last value is received, and it interacts with sends in a way that has a hard edge.

Send on a closed channel panics

Once a channel is closed, sending on it is a programming error, and Go treats it as one:

package main

func main() {
	ch := make(chan int, 1)
	close(ch)
	ch <- 1 // panic: send on closed channel
}

panic: send on closed channel

goroutine 1 [running]:
main.main()
	/.../c2-03-sendclosed/main.go:6 +0x3a

This is a panic, not the fatal deadlock error from the previous chapter, which means it is catchable with recover in principle. But if you are catching “send on closed channel” you have already lost; the panic is telling you your code sent after it promised, via close, that it would not. The right response is to fix the ownership of the channel so this cannot happen, and the rule further down handles exactly that. The process exits with status 2.

Receiving from a closed channel: the comma-ok form

Receiving from a closed channel is not an error. It is defined and useful. Once a closed channel’s buffer is drained, every further receive returns immediately with the element type’s zero value. The question is how a receiver distinguishes a real zero that was genuinely sent from the zero that means “closed and empty.” The answer is the two-value receive, the comma-ok form:

v, ok := <-ch

ok is true if v came from an actual send, and false if the channel is closed and drained. Watch it flip:

package main

import "fmt"

func main() {
	ch := make(chan int, 2)
	ch <- 10
	ch <- 20
	close(ch)

	// Buffered values still drain out AFTER close.
	v1, ok1 := <-ch
	v2, ok2 := <-ch
	// Now empty AND closed: zero value, ok == false.
	v3, ok3 := <-ch
	fmt.Printf("recv1: v=%d ok=%t\n", v1, ok1)
	fmt.Printf("recv2: v=%d ok=%t\n", v2, ok2)
	fmt.Printf("recv3: v=%d ok=%t\n", v3, ok3)
}

recv1: v=10 ok=true
recv2: v=20 ok=true
recv3: v=0 ok=false

The two buffered values come out even though the channel was closed before we received them, each with ok true. Closing does not discard what is already in the buffer. The third receive finds the channel empty and closed, so it returns 0 (the zero value for int) with ok false, and it does so immediately without blocking. That last property is what makes a closed channel a broadcast: any number of receivers can keep receiving from it forever, and every one of them gets the zero-and-false signal.

range drains until closed

Writing the comma-ok loop by hand for every consumer would be tedious, so Go gives you range over a channel. It receives values one at a time and stops cleanly when the channel is closed and drained:

package main

import "fmt"

// generate sends n values then closes. The SENDER closes, signalling "no more".
func generate(out chan<- int, n int) {
	for i := 1; i <= n; i++ {
		out <- i * i
	}
	close(out)
}

func main() {
	ch := make(chan int)
	go generate(ch, 5)

	// range receives until the channel is closed and drained, then stops.
	for v := range ch {
		fmt.Println("got", v)
	}
	fmt.Println("range ended: channel closed and drained")
}

got 1
got 4
got 9
got 16
got 25
range ended: channel closed and drained

The loop body runs once per received value and never sees the final zero-and-false; range consumes that signal itself and exits. This is the standard producer-consumer shape: a goroutine generates values and closes when done, and the consumer ranges. It is also why closing matters so much. Without the close inside generate, the range would drain the five values and then block forever waiting for a sixth that never comes. In a program where that blocked goroutine is main, you would get the deadlock fatal from the last chapter; forget to close a channel someone is ranging over and a hang is the usual result.

Only the sender closes, and only once

Two rules keep all of this safe, and they are worth stating as absolutes.

Only the sender closes a channel, never the receiver. Close is a promise that no more values are coming, and only the code doing the sending is in a position to make that promise. If a receiver closed the channel, a sender might still be about to send, and it would then panic with “send on closed channel.” So closing is the sender’s job and the sender’s alone. When multiple goroutines send on one channel, no single one of them can safely close it, and coordinating the close becomes a real design problem, usually solved by a sync.WaitGroup and a separate closer goroutine, which we build later in the series.

Close a channel exactly once. Closing an already-closed channel panics:

package main

func main() {
	ch := make(chan int)
	close(ch)
	close(ch) // panic: close of closed channel
}

panic: close of closed channel

goroutine 1 [running]:
main.main()
	/.../c2-03-closetwice/main.go:6 +0x30

Same panic family as send-on-closed, same status-2 exit, same underlying message: your ownership of the channel is muddled. A channel has one closer, and it closes once. If you find yourself guarding a close with “did someone already close this?”, the structure is wrong; step back and give the channel a single, clear owner responsible for closing it.

A final subtlety many people carry a wrong belief about: you do not have to close every channel. Close is a signal, not a cleanup step, and channels are garbage-collected like any other value once they are unreachable. You close a channel when a receiver needs to know the stream has ended, and not otherwise. A channel used for a single request-response, or one whose lifetime simply ends when the program does, needs no close at all. Close for the signal, not out of habit.

Final thoughts

A buffered channel holds up to its capacity before a send blocks, decoupling producer from consumer over short bursts, but blocking is backpressure and the default should stay unbuffered. close broadcasts that no more values will come: a send afterward panics with “send on closed channel,” a receive afterward returns the zero value with ok == false, and range drains a channel and stops the moment it closes. The discipline that keeps this from blowing up is ownership: only the sender closes, exactly once, and not every channel needs closing at all. With channels understood in both timings and both directions, we can ask the next question, which is what to do when a goroutine needs to wait on several channels at once and act on whichever is ready first.
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Select: Waiting on Several Channels at Once


A single channel receive is a decision with one option: you wait for that channel, and you proceed when it’s ready. Real concurrent programs are rarely that tidy. You want to read from whichever of two workers finishes first, or take a result but give up after a second, or drain several channels until they all close. For all of these you need to wait on more than one channel operation at the same time, and act on whichever becomes possible. That is exactly what select does.

select looks like a switch, but every case is a channel operation rather than a value comparison. It blocks until one of its cases can proceed, runs that case, and moves on. If several cases are ready at once, it picks one of them. This chapter is about how that choice is made, and about three smaller powers select gives you: a non-blocking mode, a timeout, and a way to switch a branch off entirely.

The shape of it

Each case in a select is a send or a receive. The statement evaluates all of them, and if none can proceed yet it blocks, parking the goroutine until one can. Then it commits to a single ready case, runs its body, and the select is done. It does not loop on its own; if you want to keep selecting you wrap it in a for.

The interesting question is what happens when two cases are ready at the same instant. Go’s answer is deliberate and worth internalizing: when multiple cases are ready, select chooses one uniformly at random. Not the first in source order, not the one declared highest. Random, by design, so that a busy channel can’t starve a quiet one purely because it was written first.

You can watch the randomness directly. A closed channel is always ready to receive, yielding immediately, so if we close both channels then every iteration has both cases ready and the only thing deciding the winner is select itself:

package main

import "fmt"

func main() {
	a := make(chan int)
	b := make(chan int)
	close(a)
	close(b)

	countA, countB := 0, 0
	for range 10000 {
		select {
		case <-a:
			countA++
		case <-b:
			countB++
		}
	}
	fmt.Printf("a: %d   b: %d\n", countA, countB)
}

Five runs of this against Go 1.26.5 gave a: 4992 b: 5008, then 5081 / 4919, 4967 / 5033, 5003 / 4997, and 5085 / 4915. Every split sits within about one percent of even. That is the uniform choice at work, isolated from any goroutine scheduling because closed channels need no sender. Don’t rely on case order for priority: there is no priority. If you genuinely need “prefer A, fall back to B,” you write that logic yourself with a nested select, not by ordering the cases.

default: making select non-blocking

Add a default case and the meaning of select changes completely. Normally select blocks when no case is ready. With a default present, an empty ready-set runs the default immediately instead of waiting. That turns a blocking channel operation into a non-blocking one: try to receive, and if nothing is there, do something else right now.

package main

import "fmt"

func main() {
	ch := make(chan int) // nobody ever sends

	select {
	case v := <-ch:
		fmt.Println("received", v)
	default:
		fmt.Println("nothing ready, moving on")
	}

	fmt.Println("did not block")
}

nothing ready, moving on
did not block

Nobody sends on ch, so the receive can’t proceed, and rather than parking forever the select takes the default and the program continues. The same trick works for a send: select with a case ch <- v and a default attempts the send and falls through if no receiver is ready, which is how you drop work under backpressure instead of blocking on it. Reach for default only when you actually want that “give up immediately” behavior. A select with a default inside a tight for loop is a busy-wait that pins a CPU core spinning, and it’s one of the more common ways to accidentally burn a processor in Go.

time.After: a timeout as just another case

Because a timeout is “wait, but not forever,” and select is built to wait on channels, timeouts fall out naturally once you have a channel that fires after a delay. time.After(d) returns a <-chan Time that has exactly one value sent on it after duration d. Drop it into a select alongside your real work and whichever happens first wins:

package main

import (
	"fmt"
	"time"
)

func main() {
	slow := make(chan string)
	go func() {
		time.Sleep(200 * time.Millisecond)
		slow <- "done"
	}()

	select {
	case res := <-slow:
		fmt.Println("got:", res)
	case <-time.After(50 * time.Millisecond):
		fmt.Println("timed out after 50ms")
	}
}

timed out after 50ms

The worker takes 200ms; the timeout channel fires at 50ms, so the timeout case is ready first and the select commits to it. If the worker had finished in under 50ms, the slow case would have won instead and printed its result. One caveat the standard library documents: time.After creates a timer that isn’t garbage-collected until it fires, so calling it repeatedly in a hot loop leaks timers until each expires. For a one-shot timeout like this it’s perfect; for a loop, prefer a time.NewTimer you can Stop and reset.

A nil channel is never ready

Here’s the trick that turns select from useful into powerful, and it follows from a single rule about channels: an operation on a nil channel blocks forever. A receive from nil never yields, a send to nil never completes. Inside a select, a case whose channel is nil is therefore never ready, so it’s effectively invisible. That gives you a switch: set a channel variable to nil and its branch goes dark; the rest of the select carries on without it.

This is the clean way to drain several channels that close at different times. When one closes, you nil out its variable so its now-perpetually-ready closed case stops hijacking the loop:

package main

import "fmt"

func main() {
	nums := make(chan int)
	letters := make(chan string)

	go func() {
		nums <- 1
		nums <- 2
		nums <- 3
		close(nums)
	}()
	go func() {
		letters <- "a"
		letters <- "b"
		close(letters)
	}()

	for nums != nil || letters != nil {
		select {
		case n, ok := <-nums:
			if !ok {
				nums = nil // disable this branch
				continue
			}
			fmt.Println("num:", n)
		case s, ok := <-letters:
			if !ok {
				letters = nil // disable this branch
				continue
			}
			fmt.Println("letter:", s)
		}
	}
	fmt.Println("both channels drained")
}

Two runs produced different interleavings of the numbers and letters, which is expected since two goroutines are sending concurrently, but both ended with all values delivered and both channels drained. The mechanism is the important part. Remember from the channels chapter that a receive on a closed channel returns immediately with the zero value and ok == false. Without the nil trick, once nums closed its case would be ready on every single iteration, and the loop would spin forever handing you 0, false. Setting nums = nil removes it from contention, and the for condition uses the same two variables to know when both are exhausted and it’s time to stop.

The for-select loop

One select handles one event. To handle a stream of them you put the select inside a for, and this for-select shape is the backbone of long-running goroutines: an event loop that reacts to whichever channel speaks next and keeps going until told to stop. The idiomatic stop signal is a dedicated done channel that you close, since a closed channel is permanently ready and every receiver sees it at once.

package main

import (
	"fmt"
	"time"
)

func main() {
	ticks := make(chan int)
	done := make(chan struct{})

	go func() {
		for i := 1; i <= 3; i++ {
			ticks <- i
		}
		close(done) // signal: no more work
	}()

	for {
		select {
		case n := <-ticks:
			fmt.Println("tick", n)
		case <-done:
			fmt.Println("stopping")
			return
		}
		time.Sleep(time.Millisecond)
	}
}

tick 1
tick 2
tick 3
stopping

The loop selects between real work on ticks and a shutdown on done. Each tick prints; when the sender finishes and closes done, that case becomes ready, the goroutine prints stopping and returns. The chan struct{} is a convention worth adopting for pure signals: struct{} is a zero-size type carrying no data, so the channel exists only to be closed or received-from, and the reader’s intent (“this is a signal, not a value”) is clear. This done-channel pattern is the manual version of cancellation, and it’s the seed of the context package we reach later in the series, which generalizes exactly this idea to whole trees of goroutines.

time.Ticker for periodic work

time.After fires once. A lot of concurrent work is periodic instead: emit a heartbeat every second, poll a queue every hundred milliseconds, flush a buffer on a fixed cadence. You could call time.After fresh at the top of every loop iteration, but each call allocates a brand-new timer, and you saw above why that is wasteful in a hot loop. The right tool for a repeating tick is time.NewTicker(d), which builds one timer that fires on its channel ticker.C every d, again and again, until you stop it.

It drops straight into the for-select shape. Here a ticker beats every 100ms while a done channel decides when to quit:

package main

import (
	"fmt"
	"time"
)

func main() {
	ticker := time.NewTicker(100 * time.Millisecond)
	defer ticker.Stop()

	done := make(chan struct{})
	go func() {
		time.Sleep(350 * time.Millisecond)
		close(done)
	}()

	beats := 0
	for {
		select {
		case t := <-ticker.C:
			beats++
			fmt.Println("heartbeat", beats, "at", t.Format("15:04:05.000"))
		case <-done:
			fmt.Println("stopping after", beats, "beats")
			return
		}
	}
}

heartbeat 1 at 17:51:35.306
heartbeat 2 at 17:51:35.406
heartbeat 3 at 17:51:35.506
stopping after 3 beats

Three beats, each 100ms apart, then the done channel wins and the loop returns. The value the ticker sends is a time.Time, the instant the tick fired, which is often useful and just as often ignored.

The line you must not forget is defer ticker.Stop(). A Ticker holds a runtime timer that keeps firing whether or not anyone is listening; if you drop the ticker without stopping it, that timer lives on and leaks. Stop releases it. Note one subtlety: Stop halts future ticks but does not close ticker.C, so you never range over a ticker channel expecting it to end. You stop the loop with a separate signal, exactly as done does here.

The contrast with time.After is the whole point. time.After(d) inside a loop is one fresh timer per iteration, each firing once and then waiting to be garbage-collected; a Ticker is one timer for the life of the loop, firing repeatedly. When you want “every d,” reach for NewTicker and stop it when you’re done. When you want “at most d, once,” time.After is right. Mixing them up (a time.After in a hot loop, a ticker you forget to stop) is how periodic code springs timer leaks.

Final thoughts

select waits on several channel operations and proceeds with one that’s ready, choosing uniformly at random when more than one is, so case order carries no priority. A default case makes the whole thing non-blocking, at the cost of a busy-loop if you spin on it. time.After gives you a timeout as just another case. And because any operation on a nil channel blocks forever, assigning nil to a channel variable disables its branch, which is the idiom for draining channels that close at different times. Together these turn select into the control center of a concurrent Go program: the place where one goroutine coordinates the several channels feeding it. Next we look at how to wait for a whole group of goroutines to finish, which is the other half of coordinating fan-out work.
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WaitGroup and the Fan-Out: Counting Goroutines to Zero


You start a goroutine and main moves on without it. That’s the whole point of go, and it’s also the first problem you hit: if main returns while your goroutines are still working, the program exits and takes them with it, half-finished. You need a way to say “launch these N pieces of work, then wait here until all N are done.” Channels can do it, but for the specific job of counting goroutines to completion the standard library has a purpose-built tool: sync.WaitGroup.

A WaitGroup is a concurrency-safe counter with three methods. Add(n) raises the count by n, Done lowers it by one, and Wait blocks until the count reaches zero. The pattern is fan-out: bump the counter once per goroutine you launch, have each goroutine call Done as it finishes, and Wait in the launcher until the last one drops the count to zero.

The basic shape

package main

import (
	"fmt"
	"sync"
)

func main() {
	var wg sync.WaitGroup

	for _, name := range []string{"alice", "bob", "carol"} {
		wg.Add(1)
		go func() {
			defer wg.Done()
			fmt.Println("greeting", name)
		}()
	}

	wg.Wait()
	fmt.Println("all greetings done")
}

greeting carol
greeting bob
greeting alice
all greetings done

Three details carry the weight. The zero value of a WaitGroup is ready to use, so var wg sync.WaitGroup needs no initialization. Add(1) runs in the launching goroutine before the go statement, never inside the new goroutine, because otherwise Wait could run before the goroutine has scheduled and see a count of zero. And Done is deferred as the very first line of the goroutine, so it fires no matter how the function exits, even on a panic-and-recover. The order of the greetings changes from run to run, which is the goroutines being scheduled independently, but all greetings done always prints last because Wait holds main until the count hits zero.

Pass it by pointer, and let vet prove it

A WaitGroup must never be copied after first use. Its methods coordinate through internal state, and a copy is a separate counter: the goroutine calling Done on the copy decrements a different number than the one Wait is watching, so Wait blocks forever or the program races. This bites most often when you pass a WaitGroup to a function by value, which copies it:

// worker takes a WaitGroup BY VALUE — this copies it, which is a bug.
func worker(wg sync.WaitGroup, id int) {
	defer wg.Done()
	fmt.Println("worker", id)
}

You do not have to remember this rule, because the toolchain remembers it for you. WaitGroup embeds a noCopy marker that go vet knows to look for, and running vet on that code reports:

worker passes lock by value: sync.WaitGroup contains sync.noCopy
call of worker copies lock value: sync.WaitGroup contains sync.noCopy

Two findings, exit status 1: one for the parameter that receives a copy, one for the call site that makes it. The fix is to pass *sync.WaitGroup instead, so every reference points at the one counter. This is worth wiring into CI precisely because the bug is invisible at runtime until it deadlocks. Vet catches it statically, before the program ever runs.

The counter can’t go negative

The counter has one hard invariant: it must never drop below zero. Call Done more times than you called Add and the runtime doesn’t quietly ignore it, it panics. This snippet does one Add(1) and two Done calls:

var wg sync.WaitGroup
wg.Add(1)
wg.Done()
wg.Done() // one Done too many

Running it aborts with panic: sync: negative WaitGroup counter. That’s the runtime telling you your bookkeeping is wrong, and it’s a genuinely useful failure: a mismatch between Add and Done almost always means a goroutine you thought you were waiting for either wasn’t counted or got counted twice. The panic surfaces the accounting error loudly instead of letting Wait return early and your program proceed on the false belief that everything finished. It’s also a large part of why WaitGroup.Go, below, is worth preferring: when the library owns the Add/Done pairing, you can’t get the pairing wrong.

The loop variable bug that no longer exists

If you’ve read older Go tutorials, you’ve seen a warning attached to exactly the loop above: the closure captures the loop variable, all the goroutines share one variable, and by the time they run the loop has finished and they all see its final value. The standard fix was to shadow it with i := i at the top of the loop body, or to pass it in as an argument to the goroutine.

As of Go 1.22, that bug is gone. The language changed so that a loop variable is a fresh variable per iteration, not one variable reused across all of them. Each goroutine now closes over its own copy. On Go 1.26.5 you can prove it: launch a goroutine per iteration that records the loop index, with no i := i and no parameter, and check what they captured.

package main

import (
	"fmt"
	"sort"
	"sync"
)

func main() {
	var wg sync.WaitGroup
	seen := make([]int, 0, 5)
	var mu sync.Mutex

	for i := range 5 {
		wg.Add(1)
		go func() {
			defer wg.Done()
			mu.Lock()
			seen = append(seen, i) // captured directly — no i := i
			mu.Unlock()
		}()
	}
	wg.Wait()

	sort.Ints(seen)
	fmt.Println(seen)
}

Run five times, this printed [0 1 2 3 4] every time (and clean under go run -race). Five distinct values, one per iteration. Under the pre-1.22 rule this would have printed [4 4 4 4 4] or similar, every goroutine seeing the same final i. So when you meet a tutorial that religiously writes i := i as the first line of every ranged loop, you’re looking at a reflex guarding against a bug the language deleted. It’s harmless, just no longer necessary. (The mutex here is not about the loop variable at all; it guards the concurrent append to the shared slice, which is genuinely unsafe without it. That’s the subject of the next chapter.)

WaitGroup.Go: the bookkeeping, built in

The Add(1) / go / defer wg.Done() trio is so routine that Go 1.25 added a helper that does all three for you. WaitGroup.Go(f) increments the counter, launches f in a new goroutine, and arranges the Done when f returns. You hand it a function; it handles the counting.

Here’s a real fan-out written with it: fetch a handful of endpoints concurrently and collect the results, waiting for all of them before printing.

package main

import (
	"fmt"
	"sync"
)

func fetch(url string) string {
	return "200 OK from " + url
}

func main() {
	urls := []string{"catalog", "orders", "web", "payments", "search"}

	var wg sync.WaitGroup
	results := make([]string, len(urls))

	for i, url := range urls {
		wg.Go(func() {
			results[i] = fetch(url)
		})
	}
	wg.Wait()

	for _, r := range results {
		fmt.Println(r)
	}
}

200 OK from catalog
200 OK from orders
200 OK from web
200 OK from payments
200 OK from search

Verified on Go 1.26.5, and clean under -race. Notice there’s no Add, no Done, no defer bookkeeping to get wrong. Notice too that each goroutine writes to results[i], a distinct slot in a pre-sized slice, so there’s no shared write to coordinate. That’s the safe way to collect results from a fan-out: give each goroutine its own destination and read the slice only after Wait returns. If instead every goroutine appended to one shared slice, you’d need a mutex, exactly as the loop-variable example did. The -race run stayed clean here because the writes never overlap.

Final thoughts

sync.WaitGroup is the counter you use to wait for a group of goroutines to finish: Add before you launch, Done as each completes, Wait to block until the count is zero. Pass it by pointer, and let go vet catch the copy for you. Two modern facts are worth carrying: the loop-variable capture bug was fixed in Go 1.22, so per-iteration closures now see per-iteration values and the old i := i guard is obsolete; and WaitGroup.Go, added in Go 1.25, folds the whole Add/launch/Done dance into one call. Fan out to distinct result slots and you can collect answers with no further synchronization. But the moment two goroutines touch the same memory, you’re in different territory, and the next chapter is about the tool that finds those bugs and the mutex that fixes them.
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Data Races, the Detector That Finds Them, and the Mutex That Fixes Them


Everything so far has been about goroutines communicating through channels, where ownership of a value passes cleanly from one goroutine to the next. But sometimes goroutines don’t pass a value along; they reach for the same piece of memory at the same time. One increments a counter while another reads it. That is a data race, and it is the defining hazard of concurrent programming: two goroutines accessing the same memory location concurrently, at least one of them writing, with nothing ordering the accesses. The result isn’t a crash you can catch. It’s a wrong answer, produced silently, that changes from run to run.

This chapter is the one the whole series is building toward. We’ll write a race, watch it produce wrong numbers, point Go’s race detector at it and read the report it prints, and then fix it with a mutex.

A counter that loses count

Here’s a thousand goroutines each adding one to a shared counter. The final total should obviously be 1000.

package main

import (
	"fmt"
	"sync"
)

func main() {
	var wg sync.WaitGroup
	count := 0

	for range 1000 {
		wg.Go(func() {
			count++ // read, add one, write back — no synchronization
		})
	}
	wg.Wait()

	fmt.Println("count:", count)
}

Run five times, it printed count: 974, then 963, 965, 973, and 963. Never 1000, and never the same wrong number twice. The reason hides inside count++, which looks atomic but isn’t. It’s three operations: read the current value, add one, write the result back. When two goroutines run those steps interleaved, both read the same starting value, both add one, and both write back the same result. Two increments, one net effect. The lost updates are exactly the gap between your total and 1000, and because the interleaving depends on scheduling, that gap wanders every run. A wrong answer that varies is the signature of a data race.

The race detector

You could stare at count++ and reason your way to the bug, but you won’t always be that lucky, and the race that bit you in production is rarely the one in a six-line main. So Go ships a race detector, built into the toolchain. Add -race to run, test, or build and the compiler instruments every memory access; at runtime it watches for two goroutines touching the same address with no happens-before relationship between them, and when it catches one it prints a report and fails.

Pointed at the counter above, go run -race . printed:

==================
WARNING: DATA RACE
Read at 0x00c00019e048 by goroutine 9:
  main.main.func1()
      .../main.go:14 +0x2e

Previous write at 0x00c00019e048 by goroutine 7:
  main.main.func1()
      .../main.go:14 +0x44

Goroutine 9 (running) created at:
  sync.(*WaitGroup).Go()
      .../src/sync/waitgroup.go:238 +0x72

Goroutine 7 (finished) created at:
  sync.(*WaitGroup).Go()
      .../src/sync/waitgroup.go:238 +0x72
==================
count: 903
Found 2 data race(s)
exit status 66

Read it top to bottom, because it tells you everything. WARNING: DATA RACE, then the two conflicting accesses: a read at address 0x...e048 by goroutine 9, and the previous write to that same address by goroutine 7. Both point at main.go:14, which is the count++ line, so the detector is telling you precisely which memory (one address) and which code (one line) collided, and which two goroutines were involved. Below that, where each goroutine was created, both traced back to WaitGroup.Go. At the bottom, Found 2 data race(s) and exit status 66. That exit code is deliberate: the detector forces a nonzero exit on any race it finds (66 is its default), so a race fails your build and your CI turns red instead of shrugging. The count: 903 still prints because the program ran to completion; the detector reports the race, it doesn’t stop the program.

Two things about the detector are worth stating plainly. It has essentially no false positives: if it reports a race, you have a race, full stop. And it is a runtime tool, not a static one, which is the catch we’ll come back to.

The fix: sync.Mutex

The bug is that the read-add-write of count++ can interleave. A mutex (mutual exclusion lock) fixes it by making that sequence indivisible: only one goroutine holds the lock at a time, so only one goroutine is inside the critical section, and the increment completes fully before the next goroutine can start its own.

package main

import (
	"fmt"
	"sync"
)

func main() {
	var wg sync.WaitGroup
	var mu sync.Mutex // zero value is a ready-to-use, unlocked mutex
	count := 0

	for range 1000 {
		wg.Go(func() {
			mu.Lock()
			defer mu.Unlock()
			count++
		})
	}
	wg.Wait()

	fmt.Println("count:", count)
}

Three runs printed count: 1000, 1000, 1000. Exact, every time. And go run -race on this version printed count: 1000 with a clean exit and no warning: the lock establishes the happens-before ordering the detector was looking for, so there’s no race left to find.

The idioms in those four lines are the ones you’ll use everywhere. The zero value of a sync.Mutex is an unlocked, ready mutex, so var mu sync.Mutex is all the setup there is. Lock blocks until the lock is free and then takes it; Unlock releases it. Pairing Unlock with defer immediately after Lock is the standard move, because it guarantees the lock is released however the function exits, and it keeps the lock-unlock pair visually together so you can’t lose track of which is missing. The stretch of code between them is the critical section, and the rule is simple: every access to the shared data, reads included, must hold the lock. A mutex only protects you if all parties agree to use it; one goroutine touching count without locking reintroduces the whole race.

Like WaitGroup, a Mutex must not be copied after use, and go vet flags a copy for the same reason and with the same noCopy mechanism. When a struct has a field that needs protecting, embed the mutex as a field beside it and pass the struct by pointer.

Why the detector belongs in your tests

Here’s the catch that makes the race detector a discipline rather than a one-time check. It only sees races on code paths that actually execute during the run. It instruments real memory accesses as they happen; it does not reason about code that didn’t run. If a racy branch is only reached under a config flag you didn’t set, or an error path your test never triggered, the detector is silent about it, not because the code is safe but because it never looked.

That’s why the guidance is to run your test suite under -race, not just a hand-written demo, and to make those tests exercise the concurrent paths that matter. go test -race ./... on a suite with good coverage is how real races get caught before they ship, because coverage is exactly what decides how much the detector can see. It costs some speed and memory, so most teams run the instrumented build in CI rather than on every local build. The trade is worth it: a race that the detector names in a red CI run is a race you fix in an afternoon, and a race that slips through is a corruption bug someone chases for a week.

The deadlock the race detector won’t catch

The race detector is so good that it’s easy to over-trust it. So here is a concurrency bug it will never flag, because it isn’t a data race at all: a lock-ordering deadlock. Two goroutines, two mutexes, and each goroutine grabs them in the opposite order. This is the classic AB-BA deadlock.

package main

import (
	"fmt"
	"sync"
	"time"
)

func main() {
	var a, b sync.Mutex
	var wg sync.WaitGroup
	wg.Add(2)

	go func() {
		defer wg.Done()
		a.Lock()
		time.Sleep(10 * time.Millisecond) // give g2 time to grab b
		b.Lock()                          // waits for g2 to release b — forever
		fmt.Println("g1 got both")
		b.Unlock()
		a.Unlock()
	}()

	go func() {
		defer wg.Done()
		b.Lock()
		time.Sleep(10 * time.Millisecond) // give g1 time to grab a
		a.Lock()                          // waits for g1 to release a — forever
		fmt.Println("g2 got both")
		a.Unlock()
		b.Unlock()
	}()

	wg.Wait() // blocks forever: neither goroutine ever calls Done
	fmt.Println("main done")
}

Goroutine 1 locks a, then reaches for b. Goroutine 2 locks b, then reaches for a. The Sleep calls just make the timing reliable: by the time each goroutine asks for its second lock, the other goroutine is already holding it and will never let go, because it too is blocked waiting for the lock the first one holds. Both are stuck, main is stuck on Wait, and nothing will ever move.

Run this under the race detector and it says nothing: go run -race . finds zero races, because there is no unsynchronized memory access here. Every access to a and b is perfectly locked. The bug is not two goroutines touching memory at once; it’s two goroutines waiting on each other, which is a different category of failure the detector is not built to see. This is the catch worth internalizing: -race is a data-race tool, not a deadlock tool.

What does catch this one is the Go runtime itself. When every goroutine in the program is blocked with no possibility of waking, the runtime declares a deadlock and aborts:

fatal error: all goroutines are asleep - deadlock!

goroutine 1 [sync.WaitGroup.Wait]:
sync.(*WaitGroup).Wait(0x...)
	.../src/sync/waitgroup.go:206 +0x85
main.main()
	.../main.go:34 +0x10f

goroutine 7 [sync.Mutex.Lock]:
sync.(*Mutex).Lock(...)
	.../main.go:18 +0x9b

goroutine 8 [sync.Mutex.Lock]:
sync.(*Mutex).Lock(...)
	.../main.go:28 +0x9b
exit status 2

fatal error: all goroutines are asleep - deadlock!, then a dump showing exactly where each goroutine is wedged: goroutine 1 on WaitGroup.Wait, and the two workers each parked on sync.Mutex.Lock at the lines where they reach for their second lock. The program exits with status 2. But lean on this only lightly, because the runtime detector fires only when the entire program is stalled. If even one goroutine is still doing work, or the deadlocked goroutines are off to the side while main carries on, the runtime sees a live program and stays quiet; the deadlocked goroutines just leak, blocked forever, and you notice through a hung request or a climbing goroutine count instead of a clean crash.

The fix is not cleverness, it’s discipline: acquire locks in a consistent global order everywhere. If every goroutine that needs both a and b always takes a before b, the cycle is impossible, because no goroutine can be holding b while waiting for a. Make both workers lock a first:

	go func() {
		defer wg.Done()
		a.Lock()
		time.Sleep(10 * time.Millisecond)
		b.Lock()
		fmt.Println("g1 got both")
		b.Unlock()
		a.Unlock()
	}()

	go func() {
		defer wg.Done()
		a.Lock() // same order as g1: a before b
		time.Sleep(10 * time.Millisecond)
		b.Lock()
		fmt.Println("g2 got both")
		b.Unlock()
		a.Unlock()
	}()

That version prints both got both lines (in whichever order the goroutines happen to win a) and then main done, and exits cleanly. One goroutine simply waits its turn for a while the other holds both, then goes. Whenever your code holds more than one lock at a time, pick an order for them and hold to it in every path. It is the cheapest deadlock prevention there is, and the detector will not remind you to do it.

Final thoughts

A data race is two goroutines touching the same memory concurrently with at least one writing and no ordering between them, and its signature is a wrong answer that varies from run to run, like a 1000-increment counter landing on 963. Go’s race detector, switched on with -race, instruments memory accesses and prints a WARNING: DATA RACE naming the two conflicting accesses, the address, the line, and the goroutines, then forces a nonzero exit so your build fails. A sync.Mutex fixes the race by serializing the critical section: Lock, defer Unlock, and make sure every access to the shared data holds the lock. Zero value is ready, don’t copy it, and let vet check that. Above all, remember the detector only sees what runs, so it belongs in your test suite where coverage puts the racy paths in front of it. Next we look at the lighter-weight tools for the cases where a full mutex is more than you need.
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Once, Atomics, and RWMutex: Lighter Than a Lock


The previous chapter gave you the sync.Mutex and the race detector, and a mutex is the honest default: when goroutines share state, guard it with a lock and you are correct. But a plain mutex is a blunt instrument. It serializes everything it protects, readers and writers alike, and it makes you write Lock/Unlock around operations that are sometimes far simpler than a critical section deserves. Go ships three lighter tools for the cases where the full lock is more than you need: sync.Once for one-time setup, the typed values in sync/atomic for lock-free counters and flags, and sync.RWMutex for state that is read far more often than it is written. None of them replaces the mutex. Each one fits a shape the mutex handles clumsily.

sync.Once: exactly once, even in a stampede

Some work must happen exactly one time no matter how many goroutines ask for it: opening a database pool, parsing a config file, building an expensive lookup table. The naive guard — a boolean you check and set — is itself a race, and two goroutines can both read false before either writes true. sync.Once solves precisely this. It has one method, Do(f), and it guarantees that across every goroutine that ever calls it, f runs once and every caller blocks until that one run finishes.

package main

import (
	"fmt"
	"sync"
)

func main() {
	var once sync.Once
	var count int
	var wg sync.WaitGroup

	init := func() { count++ }

	for range 1000 {
		wg.Add(1)
		go func() {
			defer wg.Done()
			once.Do(init)
		}()
	}
	wg.Wait()

	fmt.Println("init ran", count, "time(s)")
}

init ran 1 time(s)

A thousand goroutines call once.Do(init) at once, and count comes out 1. That is the whole contract: init ran a single time, the other 999 callers found the work already done and returned. Before Once existed you wrote this by hand as double-checked locking — a boolean guarded by a mutex, checked twice — and it was a classic place to get the memory ordering subtly wrong. Once is that pattern, correct, in one method call. Note that count++ here needs no lock of its own, because Once guarantees the function body is never run concurrently with itself. Two things are worth committing to memory. Do blocks all callers until the first invocation returns, so it is safe to read whatever the function initialized the moment Do returns. And the “once” is bound to that specific Once value — a sync.Once is not reusable and not copyable, so it lives as a field or a package-level variable, never passed by value.

Typed atomics: a counter with no lock

A mutex protecting a single integer counter is correct but heavy. Every increment takes and releases a lock. For that shape — one number, read and bumped by many goroutines — the sync/atomic package offers operations the CPU performs indivisibly, with no lock at all. Since Go 1.19 these come as typed values: atomic.Int64, atomic.Int32, atomic.Uint64, atomic.Bool, and atomic.Pointer[T]. Prefer them over the older free functions like atomic.AddInt64; the typed wrappers can’t be read or written non-atomically by accident, because the underlying field is unexported and the only way to touch it is through the atomic methods.

package main

import (
	"fmt"
	"sync"
	"sync/atomic"
)

func main() {
	var counter atomic.Int64
	var wg sync.WaitGroup

	for range 100 {
		wg.Add(1)
		go func() {
			defer wg.Done()
			for range 1000 {
				counter.Add(1)
			}
		}()
	}
	wg.Wait()

	fmt.Println("counter =", counter.Load())
}

counter = 100000

A hundred goroutines each add one a thousand times, and the counter lands on exactly 100000 with no mutex anywhere. .Add(1) performs the read-modify-write as one indivisible step, and .Load() reads the current value safely. The interesting proof is the race detector. Recall from the last chapter that an unguarded count++ from many goroutines is a data race the detector flags loudly. This code is doing conceptually the same thing — many goroutines writing one shared integer — yet it is not a race, because the atomic operations are synchronized. Running it under -race confirms it:

$ go run -race .
counter = 100000

No race report, exact result. That silence is the point: an atomic write is a properly synchronized write, so the detector has nothing to complain about.

Atomics do more than count. atomic.Bool gives you a flag many goroutines can flip and check, and its CompareAndSwap is the primitive that makes lock-free algorithms possible — set the value only if it currently equals what you expect, atomically, reporting whether you won:

var done atomic.Bool
fmt.Println("first CAS swapped:", done.CompareAndSwap(false, true))
fmt.Println("second CAS swapped:", done.CompareAndSwap(false, true))

first CAS swapped: true
second CAS swapped: false

The first swap sees false, matches, and flips to true; the second sees true, fails to match, and does nothing. Exactly one caller can “win” that transition — which is how you’d elect a single goroutine to run some finalization without a lock. atomic.Pointer[T] extends the same idea to whole values: you can atomically swap in a fresh pointer to an immutable config struct, and readers always see a complete old-or-new value, never a half-updated one.

The boundary is sharp and worth stating. Atomics work on one word — a single integer, bool, or pointer. The moment your invariant spans two fields (“decrement balance and append to the ledger, together”), a single atomic can’t express it and you are back to a mutex. Atomics are for the one-variable case, not a general escape from locking.

sync.RWMutex: many readers or one writer

The plain mutex treats every access as exclusive, but plenty of state is read constantly and written rarely: a routing table, a feature-flag set, a cached config. Forcing readers to wait for each other wastes the concurrency you have. sync.RWMutex splits the lock in two. RLock/RUnlock take a read lock that any number of readers can hold simultaneously, while Lock/Unlock take a write lock that is fully exclusive — it waits for all current readers to finish and blocks new ones until the write is done.

type config struct {
	mu     sync.RWMutex
	values map[string]string
}

func (c *config) get(key string) string {
	c.mu.RLock()
	defer c.mu.RUnlock()
	return c.values[key]
}

func (c *config) set(key, val string) {
	c.mu.Lock()
	defer c.mu.Unlock()
	c.values[key] = val
}

Driving that with one writer and fifty concurrent readers and running under the race detector:

$ go run -race .
mode = prod

Clean under -race, and the fifty readers holding RLock at the same time never block one another. Only the lone set call needs the whole map to itself. That is the win: read-heavy state scales with the number of readers instead of serializing them one at a time.

Now the honest caveat, because this is where people over-reach. An RWMutex is not a free upgrade over a Mutex. It carries more bookkeeping, so under low contention or a roughly even read/write mix it can be slower than the plain lock it replaced. It pays off only when reads genuinely dominate and each read holds the lock long enough to matter. When in doubt, start with a sync.Mutex — it is simpler, and simpler is faster to reason about. Reach for RWMutex when you have measured a read-heavy hotspot, not on a hunch that reads “should” be parallel.

sync.Cond: waiting for a condition to become true

Sometimes the problem is not “guard this state” but “block until this state changes.” A pool of consumers should sleep while a queue is empty and wake the instant something arrives; a set of workers should idle until a shared flag says “go.” You could poll in a loop with a sleep, but that burns CPU and adds latency. sync.Cond is the tool built for it: a condition variable paired with a lock, with three methods. Wait atomically unlocks and suspends the caller until it is woken; Signal wakes one waiter; Broadcast wakes all of them.

var mu sync.Mutex
cond := sync.NewCond(&mu)
ready := false

var wg sync.WaitGroup
for id := 1; id <= 3; id++ {
	wg.Add(1)
	go func() {
		defer wg.Done()
		mu.Lock()
		for !ready {
			cond.Wait()
		}
		mu.Unlock()
		fmt.Printf("worker %d saw ready\n", id)
	}()
}

mu.Lock()
ready = true
cond.Broadcast()
mu.Unlock()

wg.Wait()

worker 2 saw ready
worker 1 saw ready
worker 3 saw ready
all workers proceeded

Three workers each lock the mutex, see ready is false, and call cond.Wait() — which releases the lock and parks them. Main then locks, sets ready, and calls Broadcast, waking all three; each reacquires the lock inside Wait before returning, rechecks the condition, and proceeds. The one non-negotiable detail is that Wait is wrapped in for !ready, never a plain if. A woken goroutine is not guaranteed the condition is still true — it may have been woken spuriously, or another waiter may have consumed the state first — so it must re-test the predicate and go back to sleep if it does not hold. The loop is the correctness. You also must hold the lock around both the wait and the state change, because Cond synchronizes the waiting, not the shared variable it waits on.

In practice Cond is niche. For most producer/consumer work a buffered channel is clearer and harder to misuse, and that is the idiomatic Go answer. Reach for Cond when many goroutines wait on one shared predicate that a channel models awkwardly — a “broadcast to everyone that the state changed” moment like the one above.

sync.Map: the concurrent map, for narrow cases

The ordinary Go map is not safe for concurrent use: two goroutines writing at once is a data race the detector catches and the runtime may crash on outright. The default fix is the one from the last chapter — wrap the map in a sync.Mutex (or RWMutex) and lock around every access. That is the right answer for almost every concurrent map you will write. sync.Map exists for the few cases where it is not.

var m sync.Map

// ... several goroutines each do:
m.Store(fmt.Sprintf("key-%d", i), i*i)

// then:
if v, ok := m.Load("key-3"); ok {
	fmt.Println("key-3 =", v)
}
m.Range(func(k, v any) bool {
	// visit every pair; return false to stop early
	return true
})

key-3 = 9
all: [key-0=0 key-1=1 key-2=4 key-3=9 key-4=16]

Store, Load, and Range do what they say, all safe to call from any goroutine with no lock of your own. Note the cost baked into the signature: keys and values are any, so you give up compile-time types and pay for boxing on every operation. That is a real tax, and it is why sync.Map is a specialist, not a default.

The documentation names the two shapes it actually wins on. One is an append-only or write-once-read-many cache, where an entry is set once and then read repeatedly. The other is when goroutines touch disjoint sets of keys — each goroutine owns its own keys and they rarely overlap. Both let sync.Map’s internal design avoid lock contention that a single mutex would serialize. For everything else — a map with a mix of reads and writes across shared keys — a plain map behind a sync.Mutex is simpler, typed, and usually faster. Measure before you reach for sync.Map; the intuition that “concurrent map means sync.Map” is wrong more often than it is right.

sync.Pool: reusing allocations to ease GC

When a program repeatedly allocates and discards short-lived objects of the same type — a buffer per request, a scratch slice per job — the allocations pile up and the garbage collector has to keep sweeping them. sync.Pool is a free list that lets you recycle those objects instead. Get returns a pooled object or, if the pool is empty, calls your New function to make one; Put hands an object back for reuse. Both are safe across goroutines.

var pool = sync.Pool{
	New: func() any { return new(bytes.Buffer) },
}

// in each of 1000 goroutines:
buf := pool.Get().(*bytes.Buffer)
buf.Reset()
fmt.Fprintf(buf, "job %d payload", i)
total += int64(buf.Len())
pool.Put(buf)

total bytes formatted: 14890

A thousand goroutines each grab a buffer, use it, and return it, and far fewer than a thousand buffers are ever allocated — the pool hands the same ones back out as they come free. Two disciplines make it correct. Always Reset (or otherwise clear) an object from Get, because it carries whatever the last user left in it. And only pool objects whose reuse is genuinely cheaper than reallocation; for tiny values the pool’s own bookkeeping can cost more than it saves.

The caveat that trips people up: a pooled object can vanish at any garbage collection. The pool is a cache the runtime is free to empty, and it clears unreferenced pooled objects on GC. So a Pool is only ever a performance optimization, never a place to keep something you need — you cannot use it as a fixed-size resource pool or a leak-proof cache. Put an object in, and it may or may not still be there next time. That is fine for its actual job, which is shaving allocation pressure off a hot path, and wrong for anything else.

OnceFunc, OnceValue, OnceValues: the ergonomic wrappers

sync.Once from the top of this chapter has an awkward edge: it runs a function once, but if that function computes a value you want later, you have to stash the result in a variable outside the closure and read it back yourself. Go 1.21 added three wrappers that fold that pattern into the return value. OnceFunc(f) returns a function that runs f a single time. OnceValue(f) returns a function that runs f once and returns its cached result on every call. OnceValues(f) is the same for a function returning two values.

var calls atomic.Int64

expensive := sync.OnceValue(func() int {
	calls.Add(1)
	return 42
})

// call it from 100 goroutines, then once more:
fmt.Println("value:", expensive())
fmt.Println("computations:", calls.Load())

value: 42
computations: 1

A hundred goroutines call expensive(), then main calls it once more, and the body ran exactly once — every call after the first returns the cached 42 without recomputing. This is the natural fit for lazy initialization that produces something: a parsed config, a compiled regexp, an opened connection. Instead of a package-level sync.Once plus a separate result variable plus a getter, you write one OnceValue and call it wherever you need the value. It is the same exactly-once guarantee as Once.Do, with the result threaded through so you never hand-roll the storage.

Final thoughts

Three tools, three shapes the plain mutex fits poorly. sync.Once runs setup exactly once under any amount of concurrent pressure, blocking every caller until that single run completes — reach for it for lazy initialization. The typed sync/atomic values (Int64, Bool, Pointer[T]) give you lock-free reads and writes on a single word, verified here to produce an exact count with a clean race report and no mutex at all — reach for them for counters and flags, but only while your invariant fits in one variable. And sync.RWMutex lets readers proceed in parallel while writers stay exclusive — reach for it for read-heavy state, and default back to the plain Mutex otherwise. Past those, the rest of the sync package is a set of narrower specialists: sync.Cond to block goroutines until a shared predicate flips, always inside a for loop; sync.Map for the append-only or disjoint-key cases where a mutex-wrapped map contends; sync.Pool to recycle short-lived allocations off a hot path, remembering that pooled objects vanish on a GC; and the OnceValue/OnceFunc/OnceValues wrappers that thread a result through the exactly-once guarantee. The mutex from the previous chapter remains the baseline you reach for when nothing lighter fits; everything here is a specialist that beats it on its own home turf.
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Context: Cancellation That Propagates


You have started goroutines. Now you need to stop them. A request the caller abandoned, a query that has run past its deadline, a whole tree of workers that should wind down the instant one of them fails — every one of these is the same problem: how does a signal to quit reach code that is already running somewhere else? Go’s answer is the context package. A context.Context is a value you thread through every function in a call tree, and it carries one crucial thing: a channel that closes when the work should stop. Cancellation in Go is not a special signal or an interrupt. It is a closed channel that everyone downstream is watching.

This is why nearly every blocking function in the standard library — every database call, every HTTP request, every network read — takes a context.Context as its first argument. Passing one is how you keep the power to call the whole thing off.

Roots, and deriving from them

Every context tree starts at a root. context.Background() is the empty root you use in main, in tests, and at the top of a request — it is never cancelled and carries no values, just a starting point. context.TODO() is the same empty context, used as a placeholder when you haven’t yet decided which context belongs there; it signals “a context should go here” to readers and to static analysis. You rarely do anything with a root directly. Instead you derive a child from it, and the derivation is where cancellation gets attached.

context.WithCancel(parent) returns two things: a new context derived from the parent, and a cancel function. Calling cancel closes the new context’s Done() channel. That’s the entire mechanism — you hand the context to your workers, and you keep the cancel function to pull the trigger.

func worker(ctx context.Context, id int) {
	for {
		select {
		case <-ctx.Done():
			fmt.Printf("worker %d stopping: %v\n", id, ctx.Err())
			return
		default:
			time.Sleep(10 * time.Millisecond)
		}
	}
}

func main() {
	ctx, cancel := context.WithCancel(context.Background())
	go worker(ctx, 1)

	time.Sleep(50 * time.Millisecond)
	cancel() // tell the worker to stop
	time.Sleep(20 * time.Millisecond)
	fmt.Println("main done")
}

worker 1 stopping: context canceled
main done

The worker loops, and on every pass it selects on <-ctx.Done(). While the context is live that channel is open, so the default branch runs and the worker keeps busy. The moment main calls cancel(), the Done() channel closes, the receive becomes ready, and the worker takes the ctx.Done() branch and returns. This is the shape of nearly all cooperative cancellation in Go: a long-running goroutine watches ctx.Done() in a select, and cleanly exits when it fires. Cancellation is cooperative — nothing forcibly kills the goroutine; you have to check the channel for the signal to have any effect.

Deadlines: cancellation on a timer

Often you don’t want to cancel by hand — you want work to cancel itself if it runs too long. context.WithTimeout(parent, d) derives a context that cancels automatically after duration d; context.WithDeadline(parent, t) does the same for an absolute time. Both still hand back a cancel function, and you still call it.

When a context is done, ctx.Err() tells you why — and the two reasons are distinct values you can branch on. A context that hit its deadline reports context.DeadlineExceeded; one that was cancelled by hand reports context.Canceled.

// A context that times out.
tctx, tcancel := context.WithTimeout(context.Background(), 20*time.Millisecond)
defer tcancel()
<-tctx.Done()
fmt.Println("timeout ctx.Err():", tctx.Err())

// A context we cancel by hand.
cctx, ccancel := context.WithCancel(context.Background())
ccancel()
<-cctx.Done()
fmt.Println("cancelled ctx.Err():", cctx.Err())

timeout ctx.Err(): context deadline exceeded
cancelled ctx.Err(): context canceled

Two different terminations, two different errors. Before the context is done, ctx.Err() returns nil; after, it returns whichever of these applies and keeps returning it. These are ordinary sentinel errors, so you match them with errors.Is(ctx.Err(), context.DeadlineExceeded) the same way you match any wrapped error — which matters because a failing standard-library call often returns the context’s error wrapped in its own, and errors.Is is how you tell “the deadline blew” apart from a real I/O fault.

The deadline is inherited too. A child derived from a context that already has a timeout can only shorten it, never extend it — a WithTimeout(parent, time.Hour) on a parent with ten seconds left still fires in ten seconds, because the child’s Done() closes as soon as either its own timer or the parent’s does. Deadlines only ever get tighter as you descend the tree, which is exactly the behavior you want: an inner call cannot outlive the outer budget it was given.

Cancellation flows downward

Here is the property that makes context worth threading everywhere: cancelling a parent cancels every context derived from it, all the way down. Build a tree — a parent, two children derived from it, a grandchild derived from one child — cancel only the parent, and the whole subtree goes with it.

parent, cancel := context.WithCancel(context.Background())
childA, cancelA := context.WithCancel(parent)
childB, cancelB := context.WithCancel(parent)
grandchild, cancelG := context.WithCancel(childA)
defer cancelA()
defer cancelB()
defer cancelG()

fmt.Println("before cancel, grandchild done?", isDone(grandchild))
cancel() // cancel the parent only
fmt.Println("after cancel:")
fmt.Println("  childA done?    ", isDone(childA))
fmt.Println("  childB done?    ", isDone(childB))
fmt.Println("  grandchild done?", isDone(grandchild))
fmt.Println("  grandchild err: ", grandchild.Err())

before cancel, grandchild done? false
after cancel:
  childA done?     true
  childB done?     true
  grandchild done? true
  grandchild err:  context canceled

One cancel() call on the parent, and both children and the grandchild are now done, each reporting context.Canceled. Nobody cancelled them individually. This is what lets you shut down an entire request’s worth of goroutines with a single call at the top: derive every worker’s context from the request context, and cancelling that one root — because the client disconnected, or an overall timeout fired — propagates to every corner of the tree at once. The signal only flows one way, downward from parent to child; cancelling a child leaves the parent untouched.

ctx.Value: for request data, used sparingly

A context can also carry values. context.WithValue(parent, key, val) derives a context that returns val from ctx.Value(key), and children inherit it. This is meant for request-scoped data that crosses API boundaries without belonging in every function signature: a request ID for tracing, an authenticated user, a deadline already baked in.

type ctxKey string

const requestIDKey ctxKey = "requestID"

func handle(ctx context.Context) {
	if id, ok := ctx.Value(requestIDKey).(string); ok {
		fmt.Println("handling request", id)
	} else {
		fmt.Println("no request id")
	}
}

func main() {
	ctx := context.WithValue(context.Background(), requestIDKey, "req-7f3a")
	handle(ctx)
	handle(context.Background())
}

handling request req-7f3a
no request id

Note the key. It is an unexported named type (ctxKey), not a bare string. That is not optional decoration: Value looks keys up by equality, and if two packages both used the string "requestID" they would collide and read each other’s data. A private key type makes collisions impossible, because no other package can construct your key. Use ctx.Value sparingly — it is an untyped, compiler-unchecked bag, and threading real dependencies through it instead of through explicit parameters makes code hard to follow. Reserve it for data that genuinely belongs to the request rather than to the function.

Always defer cancel()

One rule ties the package together: whenever you derive a context, call its cancel function — the idiom is defer cancel() on the line after you derive it. This holds even for WithTimeout, where the context will eventually cancel itself. The cancel function releases resources the context holds — a timer, an entry in the parent’s child list — and letting it go uncollected is a real leak. It leaks so reliably that go vet flags a discarded cancel function as an error, so a forgotten cancel fails your build rather than lurking. Derive, then immediately defer cancel(), and you never have to remember.

Cancelling with a reason: WithCancelCause

Plain cancellation tells a worker that it should stop, but not why. ctx.Err() only ever reports context.Canceled or context.DeadlineExceeded — it cannot say “the upstream request failed” or “we ran out of budget.” Go 1.20 closed that gap with context.WithCancelCause. It works exactly like WithCancel, except the cancel function takes an error, and context.Cause(ctx) reads it back.

var errBudgetSpent = errors.New("budget spent")

ctx, cancel := context.WithCancelCause(context.Background())
cancel(errBudgetSpent)

<-ctx.Done()
fmt.Println("ctx.Err():", ctx.Err())
fmt.Println("Cause:    ", context.Cause(ctx))
fmt.Println("is budget?", errors.Is(context.Cause(ctx), errBudgetSpent))

ctx.Err():   context canceled
Cause:       budget spent
is budget?   true

The key thing to see is that the two channels of information stay separate. ctx.Err() still reports context.Canceled — nothing about the context’s standard contract changed, so existing code that branches on Canceled versus DeadlineExceeded keeps working untouched. Your custom reason rides alongside on context.Cause(ctx), and because it is an ordinary error you match it with errors.Is like any other. This is how you thread a real failure down a call tree: cancel the root with the underlying error, and every worker that notices ctx.Done() can call context.Cause to learn what actually went wrong instead of just seeing a bare “canceled.” Pass nil to the cancel function and Cause falls back to ctx.Err(), so it is always safe to read.

Running cleanup when a context ends: AfterFunc

You often want a piece of code to run the moment a context is done, without dedicating a goroutine to sit in a select on ctx.Done(). Go 1.21’s context.AfterFunc(ctx, f) does exactly that: it registers f to run in its own goroutine as soon as ctx is cancelled or times out.

ctx, cancel := context.WithCancel(context.Background())

done := make(chan struct{})
stop := context.AfterFunc(ctx, func() {
	fmt.Println("AfterFunc: context is done, running cleanup")
	close(done)
})
defer stop()

fmt.Println("cancelling...")
cancel()

<-done
fmt.Println("cleanup finished")

cancelling...
AfterFunc: context is done, running cleanup
cleanup finished

The instant cancel() fires, the registered function runs on its own goroutine. AfterFunc returns a stop function you can call to deregister f if you no longer need it — stop() returns true if it stopped the call before it started, false if the function had already been triggered (or already stopped). It is the tidy way to attach teardown to a context: closing a connection, releasing a resource, cancelling a downstream request. Note that f runs in a fresh goroutine and does not hold any lock, so if it touches shared state it still needs its own synchronization.

One related helper rounds out the modern set: context.WithoutCancel(parent) (also Go 1.21) derives a context that keeps the parent’s values but is immune to its cancellation — useful when you must finish a cleanup or an audit write even though the request that triggered it has already been cancelled.

Final thoughts

context is how Go carries a cancellation signal across goroutine boundaries: a Context holds a Done() channel that closes when work should stop, and downstream code watches that channel in a select. Start from Background() or TODO(), derive with WithCancel for manual cancellation or WithTimeout/WithDeadline for automatic, and read ctx.Err() to learn why it stopped — context.Canceled for a manual cancel, context.DeadlineExceeded for a timeout, both verified above. Cancelling a parent propagates to every derived child at once, which is the whole reason to thread one root through a call tree. Use ctx.Value only for request-scoped data, always with a private key type, and always defer cancel(). Cancellation isn’t magic — it’s a closed channel and the discipline to watch for it.
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Pipelines: One Stage Feeds the Next


A pipeline is a chain of stages connected by channels. The first stage produces values; each later stage receives on an inbound channel, does some work, and sends on an outbound channel; the last stage’s channel is what you consume. Nothing here is a new language feature. A pipeline is just goroutines and channels arranged in a particular shape, but it is such a useful shape that it deserves its own chapter, because once you see it you will reach for it constantly: streaming a file through a series of transforms, processing records as they arrive, any place where data flows in one direction through independent steps.

The shape has one strict convention that makes the whole thing compose. Every stage takes a receive-only channel and returns a receive-only channel, and it closes its output when its input runs dry. Get that rule right and stages snap together like pipe fittings.

A generator and a stage

The first stage has no inbound channel, only outbound. It is a generator: it turns something (a slice, a file, a network socket) into a stream of values on a channel.

// gen turns a fixed list of ints into a channel that emits them, then closes.
func gen(nums ...int) <-chan int {
	out := make(chan int)
	go func() {
		for _, n := range nums {
			out <- n
		}
		close(out)
	}()
	return out
}

Read the type signature carefully, because it is the whole pattern in miniature. gen returns <-chan int, a receive-only channel. The caller can only read from it, never send or close, which is exactly the contract you want: the stage owns its channel and is the only thing that closes it. Inside, a goroutine walks the input, sends each value, and calls close(out) when done. The function itself returns immediately, handing back the channel while the goroutine keeps feeding it.

A middle stage looks almost identical, except it has an inbound channel too:

// square reads from in, emits each value squared, and closes out when in drains.
func square(in <-chan int) <-chan int {
	out := make(chan int)
	go func() {
		for n := range in {
			out <- n * n
		}
		close(out)
	}()
	return out
}

The for n := range in loop is the load-bearing detail. Ranging over a channel receives values until the channel is closed and drained, then ends the loop cleanly. So square keeps working as long as its upstream keeps sending, and the moment gen closes its channel, square’s range loop ends, square closes its channel, and the signal propagates down the line. Close flows downstream, one stage at a time, with no coordination beyond each stage minding its own output.

Now compose them. gen feeds square, and you consume the result by ranging over it:

func main() {
	for v := range square(gen(2, 3, 4, 5)) {
		fmt.Println(v)
	}
}

4
9
16
25

Look at the output order: 4, 9, 16, 25, the squares of 2, 3, 4, 5 in the exact order they entered. This is worth pausing on, because the pipeline is running two goroutines concurrently and you might expect the ordering to be up for grabs. It is not. A single channel preserves order: values come out in the order they went in, first in first out. The concurrency buys you overlap (while square is squaring one number, gen can be producing the next), but along any one channel the sequence is fixed. Order only gets scrambled when you split work across multiple channels, which is the next chapter’s subject.

Stages compose because the types line up

Because every stage has the same shape (<-chan int in, <-chan int out), stages nest directly. Feeding square into another square is just another function call:

func main() {
	// Two square stages composed: n -> n^2 -> n^4.
	for v := range square(square(gen(2, 3, 4))) {
		fmt.Println(v)
	}
}

16
81
256

Those are the fourth powers of 2, 3, 4, still in order. Each square runs in its own goroutine, so the two stages execute concurrently, passing values along as they go. You can extend the chain as far as you like, and a real pipeline often has a generator, several transform stages, and a final consumer, each an independent goroutine linked only by its channels. The uniform signature is what lets you read square(square(gen(...))) as a data-flow diagram written left to right.

Stopping early without leaking

The pipelines so far run to completion: the generator exhausts its input, close propagates, every goroutine finishes. But what if the consumer wants to stop early, after the first value or the first match? If you simply stop ranging over the final channel and walk away, the stages upstream are still trying to send. A stage blocked on out <- n with nobody receiving will block forever. Its goroutine never returns, and neither does anything it is holding onto. That is a goroutine leak, and it gets its own chapter shortly.

The fix is to give every stage a second way out. You pass a shared done channel into each stage, and instead of a bare send, the stage uses a select (covered back in the select chapter) that races the send against a receive on done. When you close done, every blocked send is unblocked by the <-done case instead, and the goroutine returns.

// gen emits nums, but abandons the send the moment done is closed, so the
// goroutine can always return instead of blocking forever on a full channel.
func gen(done <-chan struct{}, nums ...int) <-chan int {
	out := make(chan int)
	go func() {
		defer close(out)
		for _, n := range nums {
			select {
			case out <- n:
			case <-done:
				return
			}
		}
	}()
	return out
}

Every stage takes the same done and wraps its send the same way. The consumer takes what it wants, then closes done to tear the whole line down:

func main() {
	done := make(chan struct{})
	results := square(done, gen(done, 2, 3, 4, 5, 6, 7, 8))

	// Consume only the first value, then stop the whole pipeline.
	fmt.Println("took:", <-results)
	close(done)

	time.Sleep(50 * time.Millisecond) // let the abandoned goroutines return
	fmt.Println("goroutines still running:", runtime.NumGoroutine())
}

took: 4
goroutines still running: 1

We read exactly one value, closed done, and every stage’s select fell through to its <-done case and returned. The 1 is main itself, the only goroutine left. The defer close(out) in each stage still runs on the way out, so downstream stages see their input close and unwind in turn. Closing a channel is a broadcast: every goroutine selecting on done observes it at once, which is why one close(done) can retire an entire pipeline.

A struct{} channel is the idiom for a pure signal. struct{} is a type that holds no data and occupies no memory, so chan struct{} says “this channel carries no value, only the fact that something happened.” Closing it is the event.

A note on buffering the stages

The channels above are unbuffered, so every send blocks until the next stage is ready to receive. That is lockstep: gen cannot produce value two until square has taken value one. Often that is fine, and it keeps memory flat, because no stage runs ahead of its consumer. When a stage’s work is bursty or its timing is uneven, though, giving its output channel a small buffer (make(chan int, 100)) lets it run a little ahead and smooths the flow, so a momentary stall in one stage does not immediately stall the one feeding it. Buffering is a throughput tuning knob, not a correctness fix. The close-propagates and order-preserved guarantees hold identically whether the channels are buffered or not, because a range still ends only when the channel is closed and fully drained, buffer included. Reach for a buffer when profiling says a stage is starving, not by default.

In real code you would usually thread a context.Context (from the context chapter) through the pipeline instead of a hand-rolled done channel, selecting on <-ctx.Done(). It is the same mechanism with cancellation, deadlines, and a value bag layered on top. The done-channel here is the bare bones of what context does for you, and seeing it in the raw makes the context version obvious.

Final thoughts

A pipeline is goroutines linked by channels, one stage per step, each stage receiving on one channel and sending on another. The discipline that makes it compose is uniform and simple: return a receive-only channel, and close it when your input drains, so that close propagates down the chain on its own. A single channel preserves order, so a straight pipeline is deterministic even though its stages run concurrently. And because a stage blocked on a send with no receiver leaks its goroutine, any pipeline that can stop early needs an escape hatch: a shared done channel (or a context) selected against every send, closed once to unwind the whole line at once. Next we split the stream across several goroutines, which is where bounded parallelism, and scrambled ordering, begin.
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Worker Pools: Fan-Out and Fan-In


Spawning one goroutine per job is Go’s party trick, and for a few hundred jobs it is genuinely fine. But “a goroutine per job” stops being a plan the moment the number of jobs is large or unbounded. Ten thousand jobs means ten thousand goroutines all contending for the same database connection, the same rate-limited API, the same finite pool of file handles. You do not want ten thousand things happening at once. You want some fixed number happening at once, with the rest waiting their turn.

That fixed number is the whole point of a worker pool. You start N worker goroutines, hand them a shared channel of jobs, and let them pull work off it until it runs out. N is the ceiling on concurrency, chosen by you, independent of how many jobs there are. This is the pattern you reach for when the reason to go concurrent is throughput, not unbounded parallelism.

Fanning out: N workers, one jobs channel

A worker is a goroutine that ranges over a shared jobs channel and sends each result onto a shared results channel:

// worker pulls jobs off the shared channel until it is closed and drained,
// squaring each and sending the result on.
func worker(id int, jobs <-chan int, results chan<- int, wg *sync.WaitGroup) {
	defer wg.Done()
	for j := range jobs {
		fmt.Printf("worker %d handled job %d\n", id, j)
		results <- j * j
	}
}

The magic is that every worker ranges over the same channel. When multiple goroutines receive from one channel, the runtime hands each value to exactly one of them; a job is never delivered twice, and no two workers ever collide over the same job. The channel is the work queue and the dispatcher at once. Ranging over it means each worker keeps taking jobs until the channel is closed and empty, then falls out of its loop and calls wg.Done(). Notice the parameter types: jobs is receive-only (<-chan int) and results is send-only (chan<- int), which is the compiler enforcing that a worker consumes jobs and produces results, not the reverse.

Now the coordination in main, which is fussier than it looks and worth reading slowly:

func main() {
	const numJobs = 9
	jobs := make(chan int, numJobs)
	results := make(chan int, numJobs)

	// Three workers, no matter how many jobs. This is the bound.
	var wg sync.WaitGroup
	for w := 1; w <= 3; w++ {
		wg.Add(1)
		go worker(w, jobs, results, &wg)
	}

	for j := 1; j <= numJobs; j++ {
		jobs <- j
	}
	close(jobs) // no more work; each worker's range ends when the buffer drains

	// Close results once every worker has returned.
	go func() {
		wg.Wait()
		close(results)
	}()

	sum := 0
	for r := range results {
		sum += r
	}
	fmt.Println("sum of squares:", sum)
}

worker 3 handled job 3
worker 3 handled job 4
worker 3 handled job 5
worker 3 handled job 6
worker 3 handled job 7
worker 3 handled job 8
worker 3 handled job 9
worker 2 handled job 2
worker 1 handled job 1
sum of squares: 285

Three things are choreographed here, and each solves a specific problem.

close(jobs) signals “no more work.” Once you have sent every job, closing the channel tells the workers, via their range loop ending, that nothing more is coming. Without it, the workers block forever on an empty channel waiting for a job that never arrives. Closing is how you say “done sending” to a receiver.

The WaitGroup knows when every worker has finished. Each worker calls wg.Done() as it exits; wg.Wait() blocks until all three have. The WaitGroup was covered a few chapters back; here it answers exactly one question, “have all the workers stopped?”, so you know when it is safe to close results.

close(results) has to happen in its own goroutine, and only after wg.Wait(). This is the subtle bit. You cannot close results before the workers are done, or a worker will send on a closed channel and panic. You cannot call wg.Wait() on the main goroutine before the for r := range results loop, because the workers are blocked trying to send into results while main is blocked waiting for them, a deadlock. So the closer runs concurrently: wg.Wait() then close(results) in a goroutine, while main drains results on the other side. When the last worker finishes and results closes, main’s range loop ends.

The total is fixed; the assignment is not

Run that program again and the last three lines shuffle:

worker 1 handled job 1
worker 1 handled job 4
worker 1 handled job 5
worker 1 handled job 6
worker 1 handled job 7
worker 1 handled job 8
worker 1 handled job 9
worker 3 handled job 3
worker 2 handled job 2
sum of squares: 285

Two truths sit side by side in that output, and holding both is the key to reasoning about pools.

Which worker handles which job is nondeterministic. Across runs the assignment changes completely: in the first run worker 3 grabbed a long burst; in the second, worker 1 did. Because jobs is a buffered channel loaded up front, whichever worker the scheduler runs first can snatch a run of jobs before its peers even start. A pool does not promise fair or even distribution, and it is not round-robin. It promises only that at most N workers run at once and that every job is handled exactly once by exactly one of them.

The sum is always 285. The squares of 1 through 9 add to 285 no matter who computed which. This is the property to lean on: the aggregate is deterministic even though the route to it is not. So when you verify a pool, assert on the total, the count, the set of results collected, never on the order they arrive or on which worker did what. Counted claims live on the aggregate; the ordering is honest noise. (Run under go run -race, the shared jobs and results channels come back clean, because channel operations are synchronized by construction.)

Fanning in: merging channels back into one

Fan-out splits a stream across workers. Fan-in does the reverse: it merges several channels into one, so a single range downstream can drain them all. The tool is again a WaitGroup, this time counting the merge goroutines.

// merge fans several channels into one: a goroutine per input forwards to a
// shared output, and the output closes once all of them have drained.
func merge(cs ...<-chan int) <-chan int {
	out := make(chan int)
	var wg sync.WaitGroup
	wg.Add(len(cs))
	for _, c := range cs {
		go func() {
			defer wg.Done()
			for v := range c {
				out <- v
			}
		}()
	}
	go func() {
		wg.Wait()
		close(out)
	}()
	return out
}

One forwarding goroutine per input channel copies every value onto the shared out. A separate goroutine waits for all the forwarders to finish, then closes out, the identical close-after-Wait dance from the pool, because the problem is identical: close the shared output exactly once, only after every sender is done.

func main() {
	a := producer(1, 2, 3)
	b := producer(10, 20, 30)
	c := producer(100, 200, 300)

	var got []int
	for v := range merge(a, b, c) {
		got = append(got, v)
	}
	sort.Ints(got) // sort only so the printed line is stable; arrival order is not
	fmt.Println("merged:", got)
	fmt.Println("count:", len(got))
}

merged: [1 2 3 10 20 30 100 200 300]
count: 9

The count is a rock-solid 9: three inputs of three values, none lost. The order, though, is whatever interleaving the scheduler produced, which is why the code sorts before printing, purely to get a stable line to show you. The one loop-body detail worth flagging: the goroutines close over the loop variable c directly, which is correct here only because Go 1.22 gave each loop iteration its own copy of the variable. Written against an older Go, every goroutine would have raced on a single shared c and forwarded the wrong channel. On 1.26 it does what it reads like.

Choosing the pool size

The whole reason to use a pool is to pick N deliberately, so it is worth a word on how. The right N is set by the resource you are protecting, not by the number of jobs. If each worker holds a database connection and the pool has 20 connections, N is around 20; more workers just queue on the connection pool. If the work is CPU-bound, runtime.NumCPU() is a sensible ceiling, because more runnable goroutines than cores only adds scheduling overhead. If the work is network-bound and waits on a rate-limited API, N is whatever the rate limit allows. The failure mode of guessing high is the exact thing the pool exists to prevent: too many workers contending for a scarce resource, which is why “one goroutine per job” is the anti-pattern here. Start from the bottleneck and size the pool to it.

Two ends of the pool also want thought in real code. This example squares numbers and never fails, but real jobs return errors, and a worker needs somewhere to put them, usually a second results-style channel, or the errgroup we reach in the next chapter. And if a job can hang, a worker blocked on it takes a slot out of the pool until it returns, so a pool over unreliable work wants a per-job timeout (a context deadline) so one stuck job cannot starve the whole pool down to N minus one.

Bounding concurrency with a semaphore

A worker pool bounds concurrency by having a fixed set of goroutines pull from a queue. But sometimes you genuinely want one goroutine per job — each job kept on its own goroutine for clarity, or because a job carries per-request state you would rather not multiplex — and you only want a cap on how many run at once. The tool for that is a counting semaphore, and in Go it is just a buffered channel used for its capacity.

The idiom is three lines of setup and two operations. Make a channel with buffer N. To acquire a slot, send an empty struct into it; the send blocks once N values are already buffered, which is exactly the cap doing its job. To release, receive one back out.

const limit = 3
sem := make(chan struct{}, limit)

var wg sync.WaitGroup
for job := range 20 {
	wg.Add(1)
	sem <- struct{}{} // acquire: blocks when N are already in flight
	go func() {
		defer wg.Done()
		defer func() { <-sem }() // release the slot

		// ... do the job; at most `limit` of these run at once ...
	}()
}
wg.Wait()

peak concurrency: 3 (cap 3 )

Twenty jobs, each on its own goroutine, but the sem <- struct{}{} before the go statement means the loop blocks whenever three are already running — it cannot launch a fourth until one of the three finishes and its deferred <-sem frees a slot. The verification tracks the number in flight with an atomic counter and records the high-water mark: across all twenty jobs the peak was exactly 3, never 4. The cap holds. struct{} is the conventional element type because it occupies zero bytes — you only ever care about the channel’s count, never the values, so there is no reason to move real data.

Two details make this correct. The acquire goes before go, not inside the goroutine — put it inside and all twenty goroutines launch immediately and then queue on the send, which defeats the point of limiting how many exist. And the release is a defer, so a slot is returned even if the job panics or returns early. This differs from a worker pool in a way worth holding onto: a pool creates N goroutines total and feeds them many jobs; a semaphore creates one goroutine per job and lets only N proceed. Reach for the pool when spawning is the cost you are avoiding; reach for the semaphore when you want a goroutine per job but a ceiling on simultaneity.

For the weighted case — where jobs are not equal and one heavy job should count as, say, three units against the limit — golang.org/x/sync/semaphore provides a Weighted semaphore with Acquire(ctx, n)/Release(n) that also respects context cancellation while waiting. The buffered-channel version above is the right default; reach for the package when your slots have unequal weights.

Final thoughts

A worker pool bounds concurrency: N workers all ranging over one shared jobs channel, so the runtime dispatches each job to exactly one of them and at most N run at once. The coordination is a small fixed recipe, close(jobs) to end the workers’ range, a WaitGroup to learn when they have all stopped, and a close(results) that must run in its own goroutine after wg.Wait() so main can drain the other side. Reason about the aggregate, which is deterministic; ignore which worker did what, which is not. Fan-in is the mirror image, merging channels with a goroutine apiece and the same close-after-Wait, and together fan-out and fan-in are how you build throughput out of a bounded, orderly set of goroutines. But every one of these patterns rests on goroutines actually finishing, and next we look at what happens when they do not.
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The Goroutine That Never Returns


A goroutine ends exactly one way: its function returns. There is no external kill switch, no goroutine.Stop(), no way for one goroutine to terminate another. So a goroutine that blocks on an operation that will never complete, a receive from a channel nobody will send to, a send to a channel nobody will receive from, simply never returns. It sits there, parked, holding its entire stack and every variable it closed over, for the life of the process. That is a goroutine leak, and it is the quiet, cumulative memory bug of concurrent Go.

It is quiet because nothing complains. A leaked goroutine throws no error and logs nothing. The program keeps running, a little heavier each time, until a long-lived service that leaks one goroutine per request has hundreds of thousands of them and an ever-climbing memory graph that nobody can explain. And the tool you would hope catches it does not.

The race detector does not catch this

Worth stating plainly, because it is a common and costly misconception. The race detector, which you have been running with -race all series, finds data races: two goroutines touching the same memory without synchronization. A leak is not a data race. A goroutine blocked forever on a channel is perfectly synchronized; it is just blocked. There is no conflicting access to detect, so -race sees nothing wrong. Here is a program that leaks five goroutines, run clean under the detector:

func main() {
	fmt.Println("baseline:", runtime.NumGoroutine())

	ch := make(chan int) // nobody will ever send on this
	for i := 0; i < 5; i++ {
		go func() {
			<-ch // blocks forever: this goroutine never returns
		}()
	}

	time.Sleep(50 * time.Millisecond) // let all five reach the blocked receive
	fmt.Println("after spawning 5 blockers:", runtime.NumGoroutine())
}

baseline: 1
after spawning 5 blockers: 6

Under go run -race the output is identical, with no race reported. The leak is real and the detector is silent. So you need a different instrument.

Proving a leak with NumGoroutine

That instrument is runtime.NumGoroutine(), which returns the number of goroutines currently alive. It is the direct way to see a leak instead of inferring it from a memory graph. The technique in the program above is the one to remember: measure a baseline, do the thing, measure again. Baseline is 1, just main. After spawning five goroutines that each block on <-ch, the count is 6 and stays there. Those five are never coming back, because nothing will ever send on ch and a bare <-ch has no other way to proceed. The count that should have returned to 1 is stuck at 6, and that stuck number is the leak made visible.

This before/after check is not just a teaching device. Wrapping a test in a NumGoroutine assertion, snapshot the count at the start, run the code, force a garbage collection and a brief pause, assert the count came back, is a genuine way to catch leaks in CI, and it is roughly what leak-detector libraries do under the hood.

Fix one: an escape hatch with context

The blocked goroutines leak because a bare <-ch has exactly one way forward and it never comes. Give the goroutine a second way to proceed and it can always return. That second way is the select statement racing the real operation against a cancellation signal, here a context (from the context chapter):

func main() {
	fmt.Println("baseline:", runtime.NumGoroutine())

	ctx, cancel := context.WithCancel(context.Background())
	ch := make(chan int) // still nobody sends

	for i := 0; i < 5; i++ {
		go func() {
			select {
			case <-ch: // the value that never comes
			case <-ctx.Done(): // the escape hatch
			}
		}()
	}

	time.Sleep(50 * time.Millisecond)
	fmt.Println("with 5 blocked workers:", runtime.NumGoroutine())

	cancel() // tell every worker to give up
	time.Sleep(50 * time.Millisecond)
	fmt.Println("after cancel:", runtime.NumGoroutine())
}

baseline: 1
with 5 blocked workers: 6
after cancel: 1

Follow the three numbers. Baseline 1. After launching five goroutines each blocked in their select, the count is 6, exactly the leak from before. Then cancel() closes the context’s Done channel, every goroutine’s <-ctx.Done() case becomes ready, each select fires it and the goroutine returns, and the count drops back to 1. The leak is gone.

One honest detail about how that last number was read. cancel() returns immediately; the goroutines take a moment to wake, run their select, and exit. The time.Sleep(50 * time.Millisecond) after cancel() is there to give them that moment before NumGoroutine is sampled, and the reliable 1 in the output is the evidence they all unwound. In production you would not sleep, you would wait on a WaitGroup; the sleep here is a measurement aid so the printed count is meaningful.

Fix two: a buffer so the sender never blocks

Not every leak is a stuck receiver. The most common real-world leak is a stuck sender: a goroutine computes a result, tries to send it, and the consumer already moved on and stopped receiving. This is the abandoned-receiver bug, and it bites the “launch several workers, take the first answer” pattern in particular:

// firstResult launches three workers that each send one answer, then takes only
// the first and returns. Whether the other two leak depends on the channel.
func firstResult(buffered bool) int {
	var ch chan int
	if buffered {
		ch = make(chan int, 3) // room for every sender, so none ever blocks
	} else {
		ch = make(chan int) // unbuffered: a sender blocks until someone receives
	}
	for i := 1; i <= 3; i++ {
		go func(n int) {
			ch <- n * n // the send that may never be received
		}(i)
	}
	return <-ch // take ONE answer and walk away from the other two
}

The function launches three senders but receives exactly once, then returns. What happens to the two senders whose value nobody reads depends entirely on the channel’s buffer:

func main() {
	fmt.Println("baseline:", runtime.NumGoroutine())

	_ = firstResult(true) // buffered: the two unread senders still complete
	time.Sleep(50 * time.Millisecond)
	fmt.Println("after buffered call:", runtime.NumGoroutine())

	_ = firstResult(false) // unbuffered: the two unread senders block forever
	time.Sleep(50 * time.Millisecond)
	fmt.Println("after unbuffered call:", runtime.NumGoroutine())
}

baseline: 1
after buffered call: 1
after unbuffered call: 3

The buffered call leaks nothing: with a buffer of 3, all three sends complete into the buffer immediately whether or not anyone reads, so all three goroutines return, and the count is back to 1. The unbuffered call leaks two: an unbuffered send blocks until a receiver takes the value, only one receiver ever shows up, and the other two goroutines are parked on ch <- ... forever, leaving the count at 3. Sizing the buffer to the number of sends means no sender ever has to wait for a receiver that may not come.

Finding leaks in a running service

NumGoroutine gives you a single number, which is enough to detect a leak but not to locate one. When a real service’s goroutine count is climbing and you need to know which goroutines and where they are stuck, the tool is the runtime’s goroutine profile, exposed through net/http/pprof. Import it for its side effect (import _ "net/http/pprof"), and a debug endpoint will dump a stack trace for every live goroutine, grouped and counted. A leak shows up as thousands of goroutines all parked on the same line, a chan receive or chan send at the exact spot in your code where the escape hatch is missing. The count tells you that you leak; the profile tells you where. On a service that has been up for a while, that grouped stack dump is usually the fastest path from “memory is climbing” to the specific unbuffered send or hatch-less receive at fault.

Which fix you want depends on the shape of the leak. Use a context or done-channel when a goroutine is waiting on something that might not happen and you need a way to tell it to give up (the escape-hatch case). Use a buffered channel when a goroutine is trying to hand off a result and the receiver might already be gone (the abandoned-sender case). Both come down to the same principle: never let a goroutine’s only path forward be an operation that some other goroutine can silently decide never to complete.

Final thoughts

A goroutine leaks when it blocks forever on a channel operation that will never complete, because the only way a goroutine ends is by returning. It costs you its stack and everything it captured, it accumulates silently over the life of a process, and the race detector will not warn you, because a leak is not a data race. The instrument that does see it is runtime.NumGoroutine: measure a baseline, run the code, measure again, and a count that fails to come back down is the leak. The fixes are two shapes of the same idea, a select with a <-ctx.Done() escape for a goroutine waiting on something that may never arrive, or a buffer sized so a sender never blocks on an absent receiver. Every goroutine you start is a promise that it will eventually return; leaks are the promises you forgot to keep.
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errgroup: Structured Concurrency Without the Bookkeeping


By now you have launched a batch of goroutines with a WaitGroup, waited for them, and cleaned up after them. You have also felt the two things a WaitGroup will not do for you: it does not carry back the error one of those goroutines hit, and it does not tell the others to stop when one of them fails. You end up bolting on a shared error variable behind a mutex, a context you cancel by hand, and a defer wg.Done() in every launch. That bolting-on is boilerplate, and boilerplate is where concurrency bugs hide.

golang.org/x/sync/errgroup is the standard answer. It is a small helper, maintained by the Go team in the x/sync module, that bundles exactly those three concerns into one type: wait for a group of goroutines, propagate the first error any of them returns, and cancel a shared context the moment that happens so the rest can bow out. It is what “structured concurrency” looks like in idiomatic Go, and it is worth learning as the default tool for “run these N things and fail as a unit.”

It lives outside the standard library, so you add it once:

$ go get golang.org/x/sync/errgroup

The shape of it

An errgroup.Group has two methods you will use constantly. g.Go(func() error) launches a goroutine and remembers its error. g.Wait() blocks until every launched function has returned, then hands you the first non-nil error any of them produced (or nil if all succeeded). That alone is a nicer WaitGroup: no Add, no Done, and a return value instead of a discarded one.

The version you almost always want is errgroup.WithContext, which adds the third piece. It returns a group and a derived context, and it cancels that context automatically the first time any g.Go function returns an error. Your goroutines watch that context; when one fails, the others see <-ctx.Done() fire and can quit early instead of grinding on work whose result is already doomed.

package main

import (
	"context"
	"errors"
	"fmt"
	"time"

	"golang.org/x/sync/errgroup"
)

func main() {
	g, ctx := errgroup.WithContext(context.Background())

	// Task 1: fails after a short delay.
	g.Go(func() error {
		time.Sleep(50 * time.Millisecond)
		return errors.New("task 1: disk full")
	})

	// Task 2: a long job that watches ctx and stops when it is cancelled.
	g.Go(func() error {
		select {
		case <-time.After(5 * time.Second):
			fmt.Println("task 2: finished its long work")
			return nil
		case <-ctx.Done():
			fmt.Println("task 2: observed cancellation, stopping:", ctx.Err())
			return ctx.Err()
		}
	})

	err := g.Wait()
	fmt.Println("Wait returned:", err)
}

task 2: observed cancellation, stopping: context canceled
Wait returned: task 1: disk full

Read the output against the clock. Task 1 sleeps 50ms and returns an error. That return does two things: it records disk full as the group’s error, and it cancels ctx. Task 2 was prepared to work for five seconds, but its select is also watching ctx.Done(), so within a moment of task 1 failing it wakes up on the cancellation branch and returns. g.Wait() unblocks once both functions are done and gives you the first error that landed, which is task 1’s. The five-second timer never fired. That is the whole point: one failure, and the group unwinds as a unit in milliseconds instead of seconds.

Two details worth internalizing. The context is cancelled by the first error only; if task 2 had also failed, its error would be dropped, because Wait returns just one. And the cancellation is cooperative, exactly as it was in the context chapter: errgroup cancels ctx, but a goroutine that never checks ctx.Done() will run to completion regardless. errgroup gives the others a chance to stop early; it cannot force a goroutine that ignores the signal.

One thing errgroup deliberately does not do is collect your results. A g.Go function returns only an error, so the useful value each task computes has to land somewhere you control. The idiomatic answer is a pre-sized slice indexed by position: each goroutine writes to its own index, which is race-free without a mutex because no two goroutines touch the same element. Fetching a batch of URLs, for instance, you allocate results := make([]Page, len(urls)) up front and have the closure for index i write results[i]. Then g.Wait() tells you whether the batch as a whole succeeded, and the slice holds what came back, in order. Reach for a channel and a collector goroutine only when the results stream in and you cannot pre-size the destination.

Bounding concurrency with SetLimit

Firing one goroutine per item is fine for a handful of tasks. Fire one per row of a million-row file, or one per URL in a giant list, and you have a different problem: you will open ten thousand database connections, or hammer an API into rate-limiting you, or simply exhaust memory. You want the convenience of “launch them all” with a cap on how many actually run at once.

g.SetLimit(n) does exactly that. After you set it, g.Go will block until an in-flight slot frees up rather than launching immediately, so no more than n of the group’s functions run concurrently.

package main

import (
	"fmt"
	"sync/atomic"
	"time"

	"golang.org/x/sync/errgroup"
)

func main() {
	var g errgroup.Group
	g.SetLimit(2)

	var inFlight, peak int64

	for i := 0; i < 6; i++ {
		id := i
		g.Go(func() error {
			n := atomic.AddInt64(&inFlight, 1)
			// Track the high-water mark of concurrent goroutines.
			for {
				p := atomic.LoadInt64(&peak)
				if n <= p || atomic.CompareAndSwapInt64(&peak, p, n) {
					break
				}
			}
			fmt.Printf("task %d running, in-flight=%d\n", id, n)
			time.Sleep(30 * time.Millisecond)
			atomic.AddInt64(&inFlight, -1)
			return nil
		})
	}

	_ = g.Wait()
	fmt.Println("peak concurrent goroutines:", atomic.LoadInt64(&peak))
}

task 1 running, in-flight=1
task 0 running, in-flight=2
task 2 running, in-flight=2
task 3 running, in-flight=2
task 4 running, in-flight=2
task 5 running, in-flight=2
peak concurrent goroutines: 2

Six tasks were queued, but the limit was two, so the reported in-flight count never climbs above two and the measured peak is exactly 2. Tasks 2 through 5 did not start until one of the first pair finished and released its slot. Notice this replaces the whole worker-pool ceremony from an earlier chapter, the channel of jobs and the fixed set of workers draining it, with a single line. When all you need is “run this work, at most N at a time, and tell me if anything failed,” SetLimit is that pattern in one method call. (The counting here uses sync/atomic from the sync-toolkit chapter precisely because these increments run on many goroutines at once; run this one under -race and it stays clean.)

Two sharp edges. SetLimit must be called before any g.Go, and calling it while goroutines are already running panics. And with a limit set, g.Go blocks the calling goroutine when the group is full, so do not call it from inside one of the group’s own functions expecting to spawn more freely: you can deadlock a saturated group against itself. There is a non-blocking TryGo for the cases where you would rather skip than wait.

Why not just a WaitGroup

It is fair to ask what you actually gained, since a WaitGroup already waits. Here is the same three-goroutine batch with a raw WaitGroup, and the thing it cannot do:

package main

import (
	"errors"
	"fmt"
	"sync"
)

func main() {
	var wg sync.WaitGroup

	for i := 0; i < 3; i++ {
		id := i
		wg.Add(1)
		go func() {
			defer wg.Done()
			if id == 1 {
				// This error has nowhere to go. WaitGroup has no channel for it.
				err := errors.New("task 1 failed")
				_ = err
			}
		}()
	}

	wg.Wait()
	fmt.Println("all done — but did anything fail? WaitGroup cannot tell you.")
}

all done — but did anything fail? WaitGroup cannot tell you.

A WaitGroup counts, and that is all it does. The go func signature it launches returns nothing, so an error inside has no path out; task 1’s failure quietly evaporates. And nothing here cancels anything, so if tasks 0 and 2 were long-running, they would keep going after task 1 died, doing work whose result you are about to throw away. To recover both properties by hand you would add a shared error guarded by a mutex, a context.WithCancel you invoke on the first failure, and the discipline to check ctx.Done() everywhere. That is precisely the code errgroup already wrote, tested, and got right. Reach for a WaitGroup when you genuinely just need to wait and none of the goroutines can fail; reach for errgroup the moment failure or early cancellation enters the picture, which in real programs is most of the time.

Final thoughts

errgroup is the structured-concurrency helper Go’s standard toolkit was missing: g.Go launches, g.Wait collects the first error, and errgroup.WithContext cancels a shared context on that first failure so siblings watching ctx.Done() can stop early. SetLimit caps how many run at once, collapsing a hand-built worker pool into one line. It propagates the two things a bare WaitGroup drops on the floor, errors and cancellation, and it does so with code that is already correct. Make it your default for running a fixed set of fallible tasks as a unit.
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Testing Concurrent Code Without the Flakes


This series has told you again and again to run your code under -race. What it has not shown you is the other half of that advice: how to write a test that puts your goroutines through their paces in the first place, so the detector has something real to watch. A race detector only sees code that runs, and a test suite that never launches two goroutines at the same address gives it nothing to find. This chapter closes that gap. We will write a concurrent test properly, wire -race into it, and then meet testing/synctest, the tool that finally makes time-based concurrent code testable without sleeps and luck.

A test that actually exercises goroutines

Start with a goroutine-safe counter, the same shape as the mutex chapter’s fix: a sync.Mutex guarding an int, with Add and Value methods that both take the lock.

The test’s job is to hammer it from many goroutines and assert the arithmetic still adds up. The idiom is the one you already know: launch with wg.Go, block on wg.Wait, then check the result. A table lets one test body cover several concurrency shapes at once.

func TestCounterConcurrent(t *testing.T) {
	cases := []struct {
		name       string
		goroutines int
		perG       int
	}{
		{"ten by ten", 10, 10},
		{"hundred by one", 100, 1},
		{"one by thousand", 1, 1000},
	}

	for _, tc := range cases {
		t.Run(tc.name, func(t *testing.T) {
			var c Counter
			var wg sync.WaitGroup
			for range tc.goroutines {
				wg.Go(func() {
					for range tc.perG {
						c.Add(1)
					}
				})
			}
			wg.Wait()

			want := tc.goroutines * tc.perG
			if got := c.Value(); got != want {
				t.Errorf("Value() = %d, want %d", got, want)
			}
		})
	}
}

Each case fans out goroutines writers, each adding 1 a total of perG times, and asserts the final value is the product. The wg.Wait() is load-bearing: without it the test would read c.Value() while the writers are still running, and you would assert against a half-finished count. That is the first rule of testing goroutines. The test goroutine must synchronize with the ones it started before it inspects the result, and a WaitGroup is how you draw that line.

Here is the sharp edge, though. This test passes. It also passes if you delete the mutex from Counter and leave a raw count++ in Add. Try it and most runs still print the right total, because with a lock-free counter the lost updates are just infrequent enough to slip past a single run. A green concurrent test proves almost nothing on its own. It tells you the happy path ran once without a visible wrong answer, which is exactly the false comfort the mutex chapter warned about. The test is necessary. It is nowhere near sufficient.

The safety net: go test -race

What makes the test worth writing is the flag you run it under. go test -race builds the suite with the race detector’s instrumentation, then watches every memory access your goroutines make during the run. The counter test drives real concurrent access to c.n, so with the mutex removed the detector catches the unsynchronized read and write on the spot, prints its WARNING: DATA RACE, and fails the test with a nonzero exit. With the mutex in place the same run is clean, because the lock supplies the happens-before edge the detector was looking for.

$ go test -race -v
=== RUN   TestCounterConcurrent
=== RUN   TestCounterConcurrent/ten_by_ten
=== RUN   TestCounterConcurrent/hundred_by_one
=== RUN   TestCounterConcurrent/one_by_thousand
--- PASS: TestCounterConcurrent (0.00s)
    --- PASS: TestCounterConcurrent/ten_by_ten (0.00s)
    --- PASS: TestCounterConcurrent/hundred_by_one (0.00s)
    --- PASS: TestCounterConcurrent/one_by_thousand (0.00s)
PASS
ok  	example.com/counter	1.378s

This is the pairing to internalize. The test’s coverage decides what concurrent code executes; -race decides whether any of that execution was unsafe. Neither works without the other. A thorough suite run without -race catches wrong answers but sleeps through the timing bugs that produce them intermittently, and -race run against a suite that never exercises concurrency has nothing to instrument. So the standing advice from the mutex chapter is really an instruction about your test command: run go test -race ./... on a suite whose tests actually launch goroutines, and put that command in CI so a race turns the build red instead of shipping. The instrumented build costs some speed and memory, which is why most teams run it in CI rather than on every local go test.

The real problem: testing code that waits

Counters are the easy case, because the assertion does not depend on time. The moment your code involves a timer, a timeout, or a background goroutine that fires later, testing gets genuinely hard. Consider a cache whose entry expires after a time-to-live: New stores a value and starts a goroutine that sleeps for the TTL and then marks the entry stale.

How do you test that it expires? The obvious approach is to give it a short TTL, time.Sleep a little longer in the test, and then check. That test is slow, because a real fifty-millisecond wait is fifty milliseconds you pay on every run. Worse, it is flaky: if the machine is loaded and the expiry goroutine has not been scheduled by the time your sleep ends, the assertion fails for no reason at all. You end up padding the sleep to cover the slowest plausible scheduling delay, which makes every run slower to make failures rarer, and it never fully works. This is the tax that has made concurrent, time-based code notoriously untestable.

testing/synctest: a bubble with a fake clock

testing/synctest, stable since Go 1.25 and present in 1.26.5, removes that tax. You wrap your test body in synctest.Test(t, func(t *testing.T){ ... }), and everything inside runs in an isolated bubble. Every goroutine you start within the bubble belongs to it, and inside the bubble the time package uses a fake clock that starts at midnight UTC on 2000-01-01. The trick is how that clock advances: it only moves when every goroutine in the bubble is durably blocked, meaning blocked on something only another bubble goroutine could unblock, such as a channel op or a time.Sleep. When they are all parked, the clock jumps straight to the next moment that will wake someone. A time.Sleep(5 * time.Second) does not wait five seconds. It parks the goroutine, the clock leaps forward five logical seconds instantly, and the goroutine resumes.

The second tool is synctest.Wait, which blocks the calling goroutine until every other goroutine in the bubble is durably blocked. That is how you order your assertion after the background work without a sleep or a channel: call Wait, and you are guaranteed the expiry goroutine has reached its next blocking point (or exited) before you read.

Here is the cache’s expiry test. The API is exactly two calls: synctest.Test to enter the bubble, synctest.Wait to settle it.

func TestExpiry(t *testing.T) {
	synctest.Test(t, func(t *testing.T) {
		start := time.Now() // fake clock: midnight UTC 2000-01-01
		c := New("catalog-v3", 5*time.Second)

		if v, ok := c.Get(); !ok || v != "catalog-v3" {
			t.Fatalf("right away: Get() = (%q, %v), want fresh", v, ok)
		}

		// One second short of the TTL, still fresh. Instant under synctest.
		time.Sleep(4 * time.Second)
		synctest.Wait()
		if _, ok := c.Get(); !ok {
			t.Fatal("at t=4s: value expired early")
		}

		// Cross the TTL. Wait lets the expiry goroutine's write land first.
		time.Sleep(1 * time.Second)
		synctest.Wait()
		if _, ok := c.Get(); ok {
			t.Fatal("at t=5s: value did not expire")
		}

		t.Logf("logical time elapsed inside the bubble: %v", time.Since(start))
	})
}

Read what this asserts. At t=4s the value is still fresh; at t=5s it is gone. That is the real contract of the TTL, tested at the exact boundary, and it runs deterministically every single time because the fake clock removes all the scheduling slop. The synctest.Wait after crossing the TTL matters: the root goroutine and the expiry goroutine both wake at the same logical instant, so without Wait you could read c.Get() before the expiry goroutine’s write lands. Wait guarantees that goroutine has finished before the assertion.

$ go test -v
=== RUN   TestExpiry
    cache_test.go:35: logical time elapsed inside the bubble: 5s
--- PASS: TestExpiry (0.00s)
PASS
ok  	example.com/cache	0.331s

Look at the two numbers. The test measured 5s of logical time elapsed inside the bubble, and the run took 0.00s of real time. That is the whole pitch in one line of output. Five seconds of clock behavior, tested exactly, in no wall-clock time and with zero flakiness. The old sleep-and-hope version would have taken five real seconds and still failed occasionally on a busy machine.

A few edges are worth knowing before you reach for it. Locking a sync.Mutex is not durably blocking, nor is real network or disk I/O, so a bubble that hangs on those cannot settle; the synctest docs steer you toward in-memory fakes like net.Pipe for network code. And a WaitGroup only associates with the bubble once you call Add or Go from inside it, so keep your concurrency primitives local to the test body.

Flushing out the flakes you can’t bubble

Not every test fits in a bubble, and for the rest there is a blunter tool. A test that passes once may still harbor a race that only shows under a particular interleaving. go test -race -count=20 ./... runs the suite twenty times with the detector on, giving the scheduler twenty fresh chances to hit the bad interleaving. If a concurrent test passes a hundred runs under -race but fails one, you have not found bad luck. You have found a real bug that is rare, and rare is the most dangerous kind, because it is the one that waits until production to appear.

Final thoughts

Testing concurrent code comes down to three moves. Write tests that genuinely launch goroutines and synchronize with them through a WaitGroup before asserting, because a test that never runs concurrent code proves nothing about it. Run that suite under go test -race, in CI, because coverage decides what the detector can see and the detector decides whether it was safe. And for anything involving timers, timeouts, or delayed goroutines, reach for testing/synctest: wrap the body in synctest.Test, let the fake clock collapse every time.Sleep to nothing, and use synctest.Wait to order your assertions deterministically. A green concurrent test is only worth what it was run under. Give it goroutines to exercise, -race to police them, and a bubble to make time behave, and “flaky concurrency test” stops being a phrase you have to accept.







Chapter

14

The Memory Model: When a Goroutine Actually Sees Your Write


Here is a question that sounds trivial and is not. One goroutine writes x = 42. Another goroutine reads x. Is the reader guaranteed to see 42?

Your intuition says yes, obviously, they share the same memory. Your intuition is wrong, and the gap between it and the truth is the single most misunderstood thing about concurrent programming. Without synchronization, there is no guarantee at all that the second goroutine ever observes the first’s write. Not “it usually works.” Not “there is a small race window.” The behavior is undefined: the reader may see the new value, may see the old value forever, and on some multi-word types may see a torn value that was never written by anyone. The Go memory model is the specification that tells you exactly when the guarantee holds, and this chapter is the rulebook underneath every primitive you have used in this series.

Why the naive picture is wrong

The mental model of “memory is one big shared array that every goroutine reads and writes directly” is a fiction that hardware and compilers both conspire to break, for the sake of speed.

The compiler reorders and caches. Nothing stops it from hoisting a read of x out of a loop, so your goroutine spins forever on a value it loaded once. A CPU core keeps writes in its own store buffer before they reach memory other cores can see, and cores can observe each other’s writes in different orders. None of this is a bug; it is how a modern machine reaches the throughput it does, and for single-goroutine code it is invisible because the compiler and CPU preserve the appearance of sequential order for that one goroutine. Across goroutines, that guarantee evaporates. What you get instead is a contract written in terms of one relation.

Happens-before

The memory model is built on a single ordering called happens-before. The rule that matters is short enough to memorize:


A read of a variable is guaranteed to observe a particular write only if that write happens-before the read, and no other write to the same variable intervenes between them.



Within a single goroutine, happens-before is just program order: line 3 happens-before line 4, exactly as written. The hard part is across goroutines, where program order says nothing, because the two goroutines have no inherent order between them. The only way to create a happens-before edge between two goroutines is a synchronization event, and this is the punchline of the whole series: every primitive you have learned exists precisely to manufacture these edges.


	A channel send happens-before the corresponding receive completes. This is the workhorse. The send and the value it carries, plus everything the sender did before it, are visible to whoever receives.

	A channel close happens-before a receive that returns because the channel is closed (the zero-value receive). Closing a done channel to broadcast, the pattern from the leaks and context chapters, is a happens-before broadcast.

	A mutex Unlock happens-before any subsequent Lock of the same mutex. Everything you did inside one critical section is visible inside the next one.

	sync.Once: the return of once.Do(f) happens-after f completes, so the initialization f performed is visible to every caller.

	sync/atomic operations are totally ordered and establish happens-before between the atomic write and the atomic read that observes it.

	Starting a goroutine with go f() happens-after the go statement’s setup, and a WaitGroup’s Wait returns only after the Done calls it waited on.



Every one of those is a fact you have used already, restated in the vocabulary the specification uses. When you send on a channel or unlock a mutex, you are not just moving data or guarding a section; you are publishing every write you made before it to the goroutine on the other side of that edge.

What “undefined” really means

The word to take seriously is undefined, not risky. A program with a data race is not a correct program that occasionally hiccups; it is a program the memory model makes no promises about whatsoever. Here is the smallest version, with no synchronization anywhere:

package main

import "fmt"

// done and result are shared, with NO synchronization between the writer
// goroutine and main. There is no happens-before edge, so main is not
// guaranteed to observe either write — reading them here is undefined.
func main() {
	var result int
	var done bool

	go func() {
		result = 42 // write 1
		done = true // write 2
	}()

	for !done { // read of done, racing with write 2
	}
	fmt.Println("result:", result) // read of result, racing with write 1
}

There is no channel, no mutex, no atomic, nothing that creates a happens-before edge between the goroutine’s writes and main’s reads. The loop for !done {} looks like it waits for the goroutine, but the memory model gives main no guarantee it will ever observe done becoming true, and the compiler is free to read done once and spin forever. Even if the loop does exit, there is no guarantee main then sees result == 42 rather than the stale 0, because the two writes can become visible in the other order. On this run it happened to print 42, and that is the trap: it works right up until a compiler upgrade, a different CPU, or a slightly different program shape quietly breaks it. You cannot test your way to confidence about undefined behavior, because a run that passes proves nothing about the next one.

The race detector is the enforcement tool

So how do you catch this, given that a passing run is not evidence? You do not reason your way to clever lock-free code and hope. You use the tool built for exactly this, the race detector from the mutex chapter, which does not care what the output was on this run. It instruments memory accesses and reports any pair of accesses to the same location, from different goroutines, with no happens-before edge between them and at least one a write. That is the operational definition of a data race, and it is precisely the thing the memory model leaves undefined.

$ go run -race .
==================
WARNING: DATA RACE
Write at 0x00c000016108 by goroutine 7:
  main.main.func1()
      .../c2-13-race/main.go:14 +0x49

Previous read at 0x00c000016108 by main goroutine:
  main.main()
      .../c2-13-race/main.go:17 +0x106
...
Found 2 data race(s)
exit status 66

The program printed result: 42 and exited with status 66, because -race found two races: one on done, one on result. The detector reported the exact bug the eye missed, on a run where the output looked perfect. This is why the advice from the sync chapter is worth repeating as the closing rule of the whole series: the memory model tells you what is guaranteed, and -race tells you where you violated it. Run your concurrent tests and a representative slice of production under -race. It has essentially no false positives, and it finds the races your intuition swears are not there.

The fix is never “add a sleep” or “it seems to work now.” It is to introduce a real happens-before edge. Swapping the racy flag for a channel does it:

func main() {
	var result int
	done := make(chan struct{})

	go func() {
		result = 42 // write happens-before the send
		close(done) // close happens-before the receive returns
	}()

	<-done // receive completes only after the close
	fmt.Println("result:", result)
}

$ go run -race .
result: 42

Now close(done) happens-before the <-done that unblocks main, and the write to result happens-before the close, so by transitivity main is guaranteed to see 42. Same program shape, one real synchronization edge, and the detector is silent because there is no longer anything undefined to find.

Final thoughts, and where this series has taken you

Step back and the whole series resolves into one idea. Goroutines gave you cheap concurrent execution. Channels, select, the sync toolkit, context, and the pipeline and worker-pool patterns were the ways to coordinate that execution. This chapter is what they were all secretly for: every one of them exists to establish happens-before, to turn a pile of goroutines racing over shared memory into a program whose observations are actually defined. A channel send is not only a handoff of data; it is a promise about visibility. A mutex does not only prevent two goroutines from being in a section at once; it publishes one’s writes to the next. Once you see the primitives as machinery for manufacturing happens-before edges, the rules stop being a list to memorize and become one idea you can reason from.

Carry three things out of the series. Share memory by communicating over channels when you can, and when you share it directly, guard it with a mutex or an atomic. Never trust a concurrent program because it passed once; undefined behavior is not the same as tested behavior. And run everything with goroutines in it under -race, because it is the one tool that enforces the model instead of trusting your intuition about it.

That is concurrency in Go: not a hard language feature, but a small set of primitives and a single relation that ties them together. The next series in the Go track, Building Real Things in Go, turns from how the language runs to what you build with it: HTTP servers and clients, encoding and decoding JSON, reading and writing files, testing your code properly, and the tooling that ships real programs. You have the engine now. Time to build something that drives on it.






Versions and Verification


These are the versions the examples in this book were run against, not a claim
about what is current. A pinned baseline is what makes a printed result
reproducible; software released after this edition may behave differently.

What each chapter was run against


	Chapter	Run against


	Chapters 6, 8, 13	Go 1.26.5.

	Chapter 7	Go 1.26.5, and the shared-state examples are also run under the race detector with the real output pasted in.






OEBPS/cover.jpg
Concurrency in
Go

Goroutines, channels, select, sync and context — every
example run under the race detector

Simon Sarkar





